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INTRODUCTION

Many space science investigations could be
considered under the heading of gas dynamics.
Problems concerned with the solar wind and
with the interaction of planetary magnetic field
with the flow of charged particles in space,
while they belong in the broad sense under this
province, are more appropriately treated else-
where in this conference. Flows involved with
neutral free molecules which determine the sur-
face sputtering and the life of near-Earth sat-
ellites are certainly in the domain of gas
dynamics. The present state of knowledge con-
cerning such flows is poor despite the fact that
they have long been a subject of much interest.
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Moreover, the so-called slip flow regime of gas
flow is even less well understood. However, for
lack of time, we have concentrated in this ses-
sion of the conference on continuum flow prob-
lems since they are most often the gas-dynamic
problems of critical importance in the space
flight field. Some of the major problems have
already been discussed earlier in the conference.
Those discussed in this session are confined to
the atmosphere entry of space vehicles with par-
ticular reference to aerodynamic heating. It
is the purpose of this opening paper to discuss,
first, the trajectories and speeds of entry ve-
hicles which are of interest at present and for
the future and, second, the nature of some of
the problems entailed.
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NEAR EARTH SPACE VEHICLE PROBLEMS

When it is required to recover intact on the
Earth’s surface a near-Earth space probe, it
can readily be shown that to effect the landing,
aerodynamic braking is far more efficient from
the weight standpoint than is retrorocket brak-
ing. It is well to review the fundamentals of
this aerodynamic braking process. Consider
for simplicity the case wherein gravity accelera-
tion can be neglected compared to the decelera-
tion due to drag. Then the flight trajectory isa
straight line and the equation of motion is ap-
proximately

av

m o=l CopV4 1)
where
m  vehicle mass
¢ time
V' velocity
Cp drag coefficient
P air density
A characteristic area of the body

If, for simplicity, it is assumed that the en-
thalpy of the air is very large compared to the
surface temperature of the vehicle and that the
rate of radiation of heat from the vehicle to
space can be neglected in comparison with the
aerodynamic heating rate—assumptions appro-
priate for high speeds of entry—then the heat
input rate is given by

dH 1

¢r_ 0.o1?
where
7 heat input
Cr heat-transfer coefficient
Combining equations (1) and (2) gives
—Cu v gy Cam dV?
dH——-CTD VdV= C. 2 3)

Now let us consider the case for which the
ratio of heat transfer to drag coefficient is con-
stant and assume first that the vehicle mass is
constant corresponding to the case in which a
heat sink is employed to absorb the aerody-
namic heat generated. Then the total heat in-
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put from entry velocity, Vg, to landing is

OH ngz

H= P

dH=

V=Vg

4)

Now let us consider the mass to be the sum of
coolant mass, m., the payload, m,, and any
extraneous mass, m., and let the heat capacity
of the heat sink per unit mass expressed in
kinetic energy units be {. Then the coolant
mass is simply

— CQVEVQObf
1— (OHVE2/20D§')

m, Jontmy )

To minimize the mass of the heat sink, then,
attention must be paid to the following: The
extraneous mass of the entry vehicle must be
kept to a minimum (i.e., to that required for
structural support in the vehicle, etc.), the heat
capacity per unit mass, ¢, should be as large as
possible, and the ratio of heat transfer to drag
coefficient as small as possible. For velocities
up to Earth circular (satellite) speed, at least,
the heat-transfer process is essentially one of
convection within the boundary layer. The
minimum ratio of heat-transfer coefficient to
drag coefficient is then generally obtained (ref.
1) by using a body shape having as high a drag
coefficient as is possible, consistent with other
demands.

Let us now, for comparison, consider the case
wherein we replace the heat sink with an abla-
tive heat shield which is vaporized by the aero-
dynamic heating experienced. One advantage
long recognized for the ablative shield is that
the total aerodynamic heat which can be ab-
sorbed is greatly increased by virtue of the
latent heat of vaporization involved in the abla-
tion process. A second advantage of the abla-
tive shield (see, e.g., refs. 2 to 5) is that the issu-
ing vapor fends off the air near the body surface
within the boundary layer so as to reduce the
heat-transfer coefficient itself. The reduction
is approximately in the ratio (ref. 5)

1

&V, ©

where A depends on the molecular weight of the
vapor and upon whether the boundary layer is
laminar or turbulent (typically & varies in the
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range 0.3 to 0.1), and ¢y is the total energy per
unit mass required to vaporize the ablator.
This advantage is greater the greater the speed.

Another advantage not generally appreciated
is that as the heat shield is vaporized it is auto-
matically jettisoned ; therefore, the ensuing heat.
load is diminished by the continuous reduction
of unnecessary body mass. Thus in equation

(2)
dH dm

1
E‘=—'§'V W=—-2_ OHpVSA

™

Combining this with the motion equation gives

=<

so that if the quantity in parentheses is assumed
to be essentially constant, then the mass, m, at
any time when the speed is V, is related to the
entry mass, mg, and the entry speed, Vg, by

Cy
Cptv

dm

m

Vdv

(8)

Cu
m= mEe'n’Cni‘v

(Vi-Vgh)

(9)

The coolant mass required is therefore

_CuVe!
l:ﬂ‘i) (my+m,) 10)

m¢=< CaVe
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which corresponds to that derived for the heat
sink as equation (5).

Figure 54-1 gives the ratio of coolant mass
to the payload mass (assuming the extraneous
mass is zero) for an ablative heat shield ob-
tained from equation {(10) and, for comparison,
the optimum corresponding ratio for a heat-sink
shield (eq. (5)). For this comparison no ad-
vantage of reduced 'y and increased ¢ is taken
for an ablative shield in order to demonstrate
the advantage of continuous mass loss due to
ablation. The advantage of reducing mass by
vapor jettisoning is, of course, small for our
present day entry vehicles, but it will become
more and more important as speed is increased.
In fact, it should be noted that for the heat sink,
the payload vanishes when

CiVg
20t

1 (11)
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FIGURE 54-1.—Coolant mass requirements for ablative
and nonablative heat shields.

but for the ablative shield the payload will not
vanish regardless of the value of the ratio al-
though for large values the fraction of total
entry mass which may be payload will be un-
economically small. It is clear that the advan-
tages for the ablating heat shield are over-
whelming. In the remainder of this paper,
accordingly, it is assumed that the heat shields
will always be of the ablative type.

Up to this point we have considered only
aerodynamic heating aspects of the entry prob-
lem. Let us turn our attention to the question
of loads since, for many cases of interest, loads
are a vital consideration. Again neglecting
gravity the motion equation is

av

1
mor=—3 CppV2A (12)

The trajectory is a straight line for which

_
Vsiny

dt (13)
where y is the altitude and y is the angle be-
tween the flight path and the local horizontal.
The air density, moreover, may be related to
the altitude by the approximation

p=poe ¥=pop (14)

where

sea-level density
a constant

Po

B
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Thus, equation (13) becomes
dv . CDPoA

V 2msiny

- . ODPOA
e dy——l:2ﬂm sin y

(15)

which upon integration, assuming the bracketed
term is constant, yields

V=V
where
B=— CDP'OA a 6)
gm sin y

is known as the ballistic parameter.

The deceleration can be determined from
equations (16) and (12) from which the unique
result is obtained that if the maximum decel-
eration is attained before impact with the Earth
(which is always the case for a vehicle that is
to land intact), it is independent of the altitude
at which it occurs and independent of the shape
or mass of the body. The maximum value is

(dl) __BVgisiny
dt Jmax 2e

where ¢ is the Naperian base.

For vertical entry at Earth parabolic (es-
cape) speed, 11.2 km/sec, the maximum decel-
eration is about 330 g, twice the value at Earth
circular speed. Such large loads although
usually permissible for instrument payloads
are not acceptable for most animate payloads.
As indicated by equation (17), these large de-
celerations can be avoided only by entering the
atmosphere along a path which is nearly tan-
gential with respect to the Earth’s surface.
This simple equation cannot usually be used,
however, since the permissible decelerations—
and this is particularly the case for manned
vehicles—are not large relative to the accelera-
tion of gravity, which is contrary to the assump-
tion that gravity effects could be neglected.
Moreover, aerodynamic lift will generally be
employed to tailor the trajectory for reasons
evident later. Chapman (ref. 6) has analyzed
the loading problem that includes both gravity
and lift in its formulation, and the numerous
facets of the manned-flight problem have been
treated in current literature (e.g., refs. 7 to 10).

(17)
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Reduced to its essence, the problem of mini-
mizing aerodynamic loads can be satisfactorily
handled by :

(a) Stretching the total time required for
entry so as to reduce the average deceleration
required.

(b) Employing lift or variable drag to
keep maximum decelerations near the aver-
age, or to change the trajectory after entry
if the initial one would promote unacceptable
decelerations.

The trajectories of interest are shown on fig-
ure 54-2 as those which are more or less tangen-
tial to the Earth surface at the beginning of
entry as opposed to the near vertical entry
which might be appropriate for vehicles carry-
ing instruments only. An essential difficulty
with the manned-vehicle trajectory is that the
farther the vehicle goes from the Earth, the
more accurate its guidance must be prior to
atmosphere entry to assure that its path does
not travel through levels in the atmosphere
where the air is so dense that there would be
intolerable decelerations. The trajectory for
which the permitted maximum decleration is
reached has been termed the “undershoot” tra-
jectory. For vehicle entry at speeds greater
than the Earth parabolic speed the problem is
enhanced since, then, in addition, the path must
pass at the other extreme through air sufficiently
dense to guarantee “capture” of the vehicle by
the atmosphere. That is to say, for this path
the vehicle will enter and then leave the atmos-
phere but the exit velocity must not exceed para-
bolic speed or the vehicle will be lost to space.
Generally the situation will have to be more
restricted than has been indicated, for even if

GRAZING ENTRY

STEEP ENTRY

Fieure 54-2.—Trajectories for entry into Earth’s
atmosphere from space.
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the exit velocity is less than parabolic speed, the
ensuing trajectory will entail repeated passes
through the atmosphere until the speed falls
below satellite speed. These digressions should
not permit the manned vehicles to pass through
the Van Allen radiation belts unless shielding
from the lethal effects of this radiation is pro-
vided. It is usually assumed, a priori, that
multiple pass entry is to be avoided. The high
altitude trajectory which just meets the require-
ments of minimum allowed decleration has been
termed the “overshoot” trajectory.

Control of lift permits alleviation of these
problems in the following ways: For some entry
trajectories which would entail excessive load,
lift forces directed away from the Earth can
be used to alter the path during entry to reduce
the loads to acceptable values. On the other
hand other trajectories which would provide
insufficient deceleration to effect recovery in a
single pass can be corrected to a single pass en-
try by lift forces directed toward the Earth.
Figure 54-3 shows the entry corridor permitted
as a function of the lift-drag ratio available
for a maximum deceleration of 10 g for entry
at Earth parabolic speed. The assumption
here is that the lift-drag ratio is a constant for
any particular trajectory. If modulation of
this ratio is permitted, the incremental improve-
ment in the corridor limits can be increased by
the order of 50 percent.

Control of drag can also be used to increase
the corridor height. However, lift control has
the advantage that it easily permits lateral path

SINGLE PASS ENTRY
SPEED 11.2km/sec
10 6 MAX DECELERATION

|

1 1 i J
_é 1 Z 3 4
E=e——————- ~DRAG RATIO

I16URE 54-3.—Effect of lift-drag ratio on corridor
depth.
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changes near the end of the entry as landing is
approached and thus assists in maneuvering to
a landing point.

The introduction of lift or variable drag, in
any event, complicates the problem of aerody-
namic stability and requires provision for aero-
dynamic control. In addition, it introduces
new and often objectionable facets to the prob-
lem of aerodynamic heating. The entry vehi-
cles with relatively flat trajectories experience
lower convective heat rates but for longer times.
Often advantage is gained from the lower Reyn-
olds numbers characteristic of the flatter trajec-
tories in that laminar boundary-layer flow can
be enjoyed where otherwise turbulent flow would
exist. For such cases a marked reduction in
heat-transfer coefficient is realized, particularly
with ablative heat shields since the effect of va-
porization is markedly more beneficial in re-
ducing the heat-transfer rate in the laminar
case. On the other hand, with overshoot tra-
jectories the Reynolds number may be so low
that the laminar convective heat-transfer coeffi-
cient, which varies inversely as the square root
of Reynolds number, may become excessively
high. In these cases although the heat-trans-
fer rates will be decreased, the integrated heat
load will be increased. This trend is shown
in figure 54—4 which compares the calculated
convective heating history with time for a ve-
hicle (which for simplicity is assumed to be
spherical) in vertical descent with the same
vehicle in grazing trajectories at the undershoot
and overshoot limits. Clearly, the integrated

_UNDERSHOOT BOUNDARY (

f 5" 3)
| 7
——— 1 S S

- i
- 100 200 3G0 400
SRS S PR R T | N ;

FicURe B54-4.—Stagnation point convective heat rate
for lifting spheres in grazing descent.
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input for the overshoot trajectory exceeds that
for the others.

All in all, the convective heating problems
with the manned entry vehicles are more trou-
blesome than those for vehicles designed for
steep entry. The steep-entry vehicles always
experience very high convective heating rates
but for short total heating time which is a de-
sirable state of affairs for ablative heat shields.
The manned vehicles at undershoot conditions
experience fairly high heat rates for reason-
able short times which again makes ablative
shields desirable. In overshoot conditions the
lower heat rates and the longer time periods
promote an increase in the absorption of heat
within the ablative shield. In such cases, many
otherwise suitable ablative shields will be
weakened unacceptably or will soften and flow
excessively. In fact, the optimum heat shields
for overshoot trajectories usually are those
which act in part as heat sinks and in part as
radiators of heat. Thus for the manned entry
vehicle, compromise in the heat-shield design is
required.

Up to this point the tacit assumption has
been made that convective heating constitutes
the total. This is very nearly the case for entry
at ballistic missile speeds, but as speed is in-
creased, there is another source of heating which
gains rapidly in importance with increase in
speed. Consider a body in continuum flow at
hypersonic speed. The air in the region be-
tween the shock wave and the body is drastically
slowed down relative to the body in the com-
pression process. The high kinetic energy of
the stream is then almost entirely converted to
heat. The translational, rotational, and vibra-
tional modes are thus excited and, at sufficiently
high speed, the energy will be enough, in fact,
to dissociate and ionize a large fraction of the
air in this compressed gas region. These atomic
and molecular species become important sources
of radiation which serve to promote additional
surface heating of the entry vehicle. A chain
of processes is required to establish thermo-
dynamic and chemical equilibrium between the
gas species during and following the compres-
sion transient. However, the time required for
individual processes varies depending upon the
reaction involved; hence, the amount of radia-

PRESS

%

E | o=

TEMPERATURE

INTENSITY

Ficure 54-5.—Pressure, temperature, and radiation
intensity history during shock compressfon.

tion emitted from elemental volumes within the
gas cap is a function of the transient time.
Therefore the intensity of radiation per unit
volume is not constant within the gas cap but
varies along streamlines. The radiative pro-
cess can be visualized by reference to figure
54-5. During the initial compression immed-
iately following A the temperature attains val-
ues approaching those corresponding to an ideal
molecular gas since the translational modes of
excitation of molecules are rapidly excited. As
energy is diverted to the less rapid excitation
of the rotational and vibrational modes and
then to the relatively slow processes of molecu-
lar dissociation and to ionization, the tempera-
ture falls with time, as indicated. The early
excitation of the various rotational and vibra-
tional modes promotes the appearance and the
strong upsurge of the radiation which follows
the initial decline in temperature. As energy
is then diverted to dissociation and ionization,
the drop in temperature causes a subsidence of
the radiation level until, in a short time, an
equilibrium radiation level is established. By
following an element of volume along a stream-
line, we may envision its changes of time de-
pendent radiation intensity. If the air density
in the gas cap is low, the time scale can be such
that the body surface may be in the position
marked B. The radiation will then be prin-
cipally from the air which is not in equilibrium.
On the contrary, if the gas cap density is high,
the whole of the transient behavior will occur
in a much shorter time and, hence, effectively
farther from the body. In this case C will rep-
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resent the position of the body so that the radia-
tion received may be well approximated by the
equilibrium value as the integrated mean, pro-
vided the density is not so high that strong reab-
sorption of the radiation occurs within the gas
layers. Reabsorption reduces the radiative
heating from the value it would otherwise have.

In order to predict radiation effects and to
understand experimental radiation data it is
obvious that the aerodynamicist must now have
much more than a passing acquaintance with the
various disciplines of high-temperature physics.
The gas dynamics of radiative systems has for
some time been a field of interest to the astro-
physicist concerned with the internal construc-
tion of stars and the radiation from them. The
pioneering work of Homer Lane, Emden, and
Eddington established a field of investigation
that has now reached an advanced state of de-
velopment (see, e.g., refs. 11, 12, and 13).

An intensive effort, both theoretical and ex-
perimental, has been made in recent years to
understand the phenomenon of air radiation as
it applies to atmosphere entry of space vehicles
(see, e.g., refs. 14 to 18). The phenomenon is
complex and far from completely understood
from theoretical aspects. Moreover, the experi-
mental investigations have not been carried far
enough within the regimes of speed, air density,
and body size to permit rigorous formulation of
scaling laws or accurate appraisals of the levels
of the equilibrium and nonequilibrium compo-
nents of radiation in all cases of interest. What
is known quantitatively of the entry radiative
heating problem is the subject of a paper to
follow, so the remarks here will be restricted to
a discussion of the general aspects of the radia-
tive heating problem and the relation of the
radiative to the convective contributions for
bluff bodies.

With reference to the nonequilibrium radia-
tion, the chemical and excitation processes that
occur are nearly all binary reactions (ref. 14).
The time required for such reactions is inversely
proportional to frequency of collisions. There-
fore the thickness of the nonequilibrium layer
varies inversely with density. On the other
hand, the local magnitude at corresponding
locations varies directly as the density. Thus
for an arbitrary entry body the total none-
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quilibrium radiation is independent of density,
although it is a function of velocity and is pro-
portional to the cross-sectional area of the body
and to its shape. The nonequilibrium contri-
bution to the heat-transfer coefficient for a body
of given shape is therefore

0. _dH@t o)A (V)
BTVEA VAT

(18)

where ¢ and & are functions of flight speed.
With reference to the equilibrium radiation,
this contribution is not only a function of ve-
locity but also of density. For parabolic entry
speed or less and for near normal bow shock
compression the experimental data indicate this
contribution varies approximately as the density
to the 1.7 power. In addition, the total radia-
tion emitted by the gas cap of an entry body is
proportional to the volume of the gas cap which,
in turn, is proportional to the body volume (i.e.,
A%*) at any given speed. Thus the equilibrium
radiation contribution to the heat transfer is

_dHg/dt y(V)p' A"

Cn =5 sa™ gpvea - ¥V TA (19)
where y(V) and ¥ (V) are functions of flight
speed.

The convective heat-transfer contribution is
dependent upon whether the flow is laminar or
turbulent in the boundary layer and whether
vapor ablation occurs, but, at hypersonic
speeds, the magnitudes are in question (refs.
19, 20, and 15). For laminar flow, as is well
known (e.g., see ref. 21) the heat-transfer
coefficient is inversely proportional to the
square root of Reynolds number; while in tur-
bulent flow, the Reynolds number dependence
is much reduced. The attenuation of the heat
transfer due to vapor blowing within the
boundary layer is a function of velocity but not
density. Thus the convective heat-transfer
coefficient is

Cu~F(V)p 2474 (20)

where (V) is a function of flight speed and
the exponent = is unity for laminar flow but
much smaller than unity for turbulent flow.
Now it was noted earlier that the level of
heat input is determined by the ratio of heat-
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transfer coefficient, "y, to the drag coeflicient,
Cp. For bluff bodies the drag coefficient at
hypersonic speeds in_continuum flow is essen-
tially independent of speed and density. Thus
summing the components

%NQ(V)p—l+q,(V)po. TALS L F(V)p0tn4-0.3n
('n
(21)

From this proportionality it is clear that
Cx/Cp attains a minimum for some value of
air density, for if the density is increased from
this value, the equilibrium radiation increases
C'u/Cp more than the sum of the convection
and nonequilibrium radiation decreases it, and
conversely.

To illustrate this compensating influence of
density, figure 546 shows the estimated values
of the total ratio of heat-transfer coefficient to
drag coefficient and the individual contribu-
tions from the several heating sources as a
function of altitude for an ablating sphere of
1 meter radius moving at a speed of 10 km/sec.?

These curves are shown as solid lines where
the estimate is reasonably reliable. The dotted
portions indicate that the estimate is unreliably
high for the following reasons:

(a) Convective Heating.

Between the slip flow regime and the free

molecule regime an estimate which assumes

! The convective heat transfer is that for a nonablat-
ing surface so that these results are applicable only for
a heat-sink type of heat shield.

CONVECTIVE -L AMINAR CO

1 1

I
m
o
=

F1euRe 54-8.—Estimates of total and component heat-
transfer coefficients for a sphere at 10 km/sec.
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laminar continuum flow (eq. (20)) yields
values which increase indefinitely as density is
decreased. Clearly, the ratio cannot exceed a
value of about one-half since, by Reynolds
analogy, if all the drag of the body were due
to frictional forces, only one-half of the heat
generated could enter the body. The other half
must be retained by the air in the wake. In
fact, in free-molecule flow a similar limitation
exists. Suppose the collision of the moving
body surface with the stationary air molecules
were to release all of the collision energy to the
body. The mass of air involved in the col-
lisions is in unit time

pVA (22)

The total rate of release of energy, then, is

VA)VZ_ AV
so that Oy cannot exceed unity. On the other
hand, the drag force experienced by the body
in this case is simply the momentum exchange

(pVA)V=pV?A (24)

That is, for such an energy release the drag
coefficient. must be 2; hence, the same limit for
Cr/Cp of one-half is obtained.

(b) Radiative Heating.

Here, again, an upper bound for Cn/Cp is
indicated, for suppose all of the energy

0
DV=<7D pV2A> V=% VA (25)

were to appear as radiant energy in the gas cap.
If the one-half is radiated forward to space
then only the other half of this energy is
accepted by the body; hence,

‘7 3
% <0Dp2 A)“C;q pvid (26)
or
1
g—i‘“ﬁ @)

There are, in addition, other limiting factors
which serve to reduce the individual radiative
contributions.
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(1) Nonequilibrium radiation

In equation (18) all the nonequilibrium
radiation is assumed to be released to the body
when, in fact, if the collision proceeds at such
a slow rate that the air passes through the com-
pression region and expands to low density and
temperature before the nonequilibrium radiant
energy release is complete, the radiation will
be prematurely quenched and the radiant
energy release is less than estimated. This
situation is equivalent to the case where the
body position in figure 545 is D. This limiting
phenomenon is thus a truncation process.

Another factor which serves to limit the non-
equilibrium radiation is termed “collision
limiting” (ref. 15). This occurs when the air
density in the gas cap is so low that there are
not enough collisions to maintain the population
of particles in excited states against the drain-
age by radiation. Present estimates are that
effects of collision limiting occur as altitude
exceeds about 50 km.

(2) Equilibrium radiation

In equation (19) for equilibrium radiation
each layer of the gas within the gas cap is
tacitly assumed to be nearly transparent to the
radiation from neighboring layers. As air
density is increased, the gas becomes less and
less transparent to its own radiation. Thus
when strong absorption exists, the radiative
heat, as noted earlier, must diminish from what
it would be for an essentially transparent gas
under the same conditions, and if the air density
becomes sufficiently high, the gas cap rad-
iates essentially as a black body at the equilib-
rium temperature corresponding to the density
within the gas cap.

Let us now return to a discussion of the rela-
tive importance of the radiative and convective
contribution to aerodynamic heating during
entry in the speed range of near-Earth space
vehicles (7 km/sec<¥V <11 km/sec). For a
manned vehicle the sphere of 1 meter radius
might be considered representative and for
entry at Earth parabolic speed the maximum
radiative heating would occur approximately
at the speed of 10 km/sec when the altitude of
the flight trajectory would be of the order of
60 km. At this speed and in this altitude range
(fig. 54-6), the combined radiative heating is
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somewhat higher than the convective contribu-
tion. For the whole of the flight trajectory,
however, the convective contribution would well
outweigh the radiative since the convective heat-
transfer coefficient is not greatly affected by
change in speed. The levels of the radiative
contributions are very sensitive to speed and so
drop rapidly in the later stages of the entry
trajectory.

For grazing trajectories, had we assumed a
somewhat lower entry speed, the total radiative
contribution, because of its extreme sensitivity
to speed, would have been markedly reduced.
On the contrary, an increase of entry speed
above parabolic speed by a few kilometers per
second will reverse this state of affairs.

For entry vehicles in steep descent, the speed
is relatively greater at lower altitudes than it
would be for a grazing trajectory. The equilib-
rium radiative heat transfer therefore tends
to dominate the convective transfer even at
parabolic speeds.

It was noted earlier that when convective
processes only are important in aerodynamic
heating, the heating problem for an ablative
heat shield is related to the materials involved.
When, in addition, radiative processes become
important the relationship becomes so intimate
that one cannot treat the one without full con-
sideration of the other. It is worthwhile to note
here two of the more important considerations
that must be given to the cross coupling which
occurs: First, certain ablative materials that
have excellent qualities when convective trans-
fer is the sole source of heating are not attrac-
tive, per se, when radiative heating is super-
imposed. Quartz, for example, is transparent
to a wide range of radiative wavelengths and,
in the presence of strong radiation, transmits
this radiation to the structure supporting it,
which, clearly, is most undesirable. Another
material, having a similar characteristic, though
it 1s not obvious at first thought, is a polytetra-
fluoroethylene known as “Teflon.” This ma-
terial is opaque to visual radiation at tempera-
tures up to 600° K. A phase change occurs
then and the material becomes transparent. Of
course, the transparency fault can generally be
corrected by introducing additives during man-
ufacture which will promote opacity. Another
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solution which suggests itself would be to intro-
duce, as an additive, small flakes of highly re-
flective metals so oriented as to reflect the radia-
tion back out of the shield. Ifthe transmissivity
of the base material and the reflectivity of the
additive were both high, such a composite might
serve to reduce the heating component resulting
from gas radiation. This solution has, to my
knowledge, never been attempted. In keeping
with this approach, Howe (ref. 22) has sug-
gested the use of ablative materials which are
opaque in the vapor state. He noted that the
vapors of common materials will not provide
such characteristics except to a trivial degree.
His idea is a novel one, however, and deserves
further consideration. Second, some ablative
materials contain chemical constituents which,
in the vapor state, can become sufficiently ex-
cited that they add to the radiative heat input
when the flow enthalpy and total heating rate
are high. Carbonaceous materials are offenders
in this regard.

From the foregoing discussion of aerody-
namic heating and of the reaction of materials
to it, we can conclude on the basis of our pres-
ent knowledge that advance to Earth hyperbolic
speed brings us to a new regime, a regime in
which considerations of radiative heating will
dictate the philosophy of design for entry ve-
hicles. The change in point of view will have
a more far reaching influence on the course of
hypersonic aerodynamies, I believe, than is im-
mediately apparent.

THE DEEP SPACE VEHICLE—PROBLEMS OF THE
FUTURE

Space vehicles of the future which will be-
come of increasing interest are those intended
for journeys to distant points in the solar sys-
tem. It will be desired to return to Earth some
which are unmanned as well as those which are
manned. Since it is anticipated that aerody-
namic drag will be employed to brake the
approach to Earth, the likely speed of the ap-
proach prior to entry to the atmosphere is of
first concern to the aerodynamicist in that it
fixes the scope of interest.

For vehicles intended for journeys to our
neighboring planets, Mars and Venus, it is well
known that if one employs a near-minimum
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F1eURe 54-7—FEarth entry speed for minimum transit
time from Mars and Venus.

energy trajectory—that is, by essentially fol-
lowing the Hohmann transfer ellipses—the
speed of return to Earth need not be much in
excess of Earth parabolic speed. The question
therefore arises, “What is to be gained by em-
ploying higher speed vehicles?”’ The answer is
simply that near-minimum energy trajectories
are too time consuming as indicated in figure
54-7. A reasonably short transit time will not
only be usually desired for its own sake but can
effect reductions in total vehicle mass at take-
off in many cases. Shorter transit time, for ex-
ample, decreases the masses involved in life
support systems, in radiation shielding when
accumulative exposure is a pertinent factor, and
in structure required to resist, with some speci-
fied probability, the damage resulting from
meteoroid impact. With reference to Earth re-
turn of such unmanned vehicles as those in-
tended for scientific probing of the vicinity of
the Sun, the aerodynamicist must contend with
the entry speeds shown in figure 54-8. In short,
for future vehicles we may find entry speeds far
in excess of Earth parabolic speed to be of
interest.

Let us turn now to the subject of aerodynamic
loads imposed on vehicles in Earth atmosphere
entry. For instrument payloads, as discussed
earlier, steep entry trajectories are usually de-
sired. At the higher speeds characteristic of
the deep space vehicles, however, the loads may
well be limiting considerations. This is appar-
ent from the magnitude of the decelerations
shown in figure 54-9,
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FI16URE 54-8.—Earth entry speed for a solar probe.

For manned vehicles the restrictions are con-
siderable. If one assumes that decelerations
must be limited to ten times the Earth gravity
acceleration, then even if with the maximum
benefit of lift (i.e., L/D—> ), the entry corri-
dor height attainable, as shown in figure 54-10,
would vanish at an entry speed of 26 km/sec.
This limiting entry speed is determined in the
following way: The lift force directed toward
the Earth must equal the centrifugal force less
the gravitational pull or

mV?

L= 7™M (28)

where £ is the Earth radius.

Hence if ¢ is the

multiple of Earth gravitational acceleration

¥=90°
(VERTICAL)

F16URre 54-9.—Maximum decelerations as a function of
Earth entry speed and entry angle.

2 2
G="p—1=15—1 (29)

where Vyin is the limiting speed and Vg is the
Earth satellite speed. The limiting speed is
therefore

Vim=VsvG@+1=7.9v/G+1km/sec (30)

Of course, this limiting speed is an unrealis-
tic upper bound since no drag is assumed to
occur and thus the entry time is indefinitely
long. These results establish the fact that for
manned vehicles when transit times for space
journeys become very short, it will be necessary
to resort to rocket braking, at least in part, to
effect an Earth landing.

F16URE 54-10.—Entry corridor height as a function of
entry speed and vehicle lift-drag ratio.

Many interplanetary journeys will, of course,
entail landings on planets other than Earth, so
that gas dynamic problems associated with
high-speed entry into such atmospheres form
a new field of interest in hypersonic gas dynam-
ics. Chapman (ref. 6) has given consideration
to the problem of such entries. Generally, the
aerodynamic loads follow the same functional
relations with velocity and atmospheric density
as for entry into the Earth’s atmosphere but
the change in atmospheric properties and, in
some cases, the change in planet size and mass
must be taken into account. Pertinent approxi-
mate characteristics for some near-Earth plan-
ets and for Titan, a satellite of the planet Saturn
which has an atmosphere, are given in table
54-T1.
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TaBLE 54-1.—A pprowimate Characteristics of Some Planetary Bodies and Titan

Atmosphere Surface Surface Surface Atmosphere] Principal }
Planet Orbit radius from | Planet radius, km density gravit satellite parabolic density at | atmospheric
Sun, km scale factor | acceleration, speed, speed, surface, gases
i, km m/sec? m/sec km/zec kg/m?
Venus....| 1.082< 108 0.619< 104 6.1 8. 53 7.27 10. 26 241 CO,, N;
Earth____| 1.495X 108 0.637 X104 7.16 9. 806 7.90 11. 17 1.225 | N3, O
Mars_____ 2.278X10% 0.340<X 104 18 3.73 3. 56 5.03 .1 Nz, CO.
Jupiter. __| 7.876X 108 6.96 X 104(?) 18 25. 8(7) 42. 4(7) 59.9(?) |occ___ H;, CH,
Titan_ . __| 14.25X108 0.210X10 30 2.16 213 3.00 _...____ CH
TasrE 54-11.—A pproach Speed and Deceleration
Planet 8peed for Hohmann transfer from Earth,| 10 (f Umit Deceleration for vertical entry with Hohmann
km/sec speed, km/sec transfer, Earth g
Venus._ _ .o 10. 5 25. 7 340
Earth__ ____.______.___. (11.2) parabolic speed 26. 2 (329) for parabolic entry speed
Mars. oo 5 8 18. 6 35
Jupiter- - ____._____ 60. 2 92. 9 3780
Titan__ . _________ - 6.4 14. 5 26

Generally, atmosphere entry decelerations
for grazing trajectories and entry corridor
heights for Venus and Jupiter are about the
same as for Earth. For Titan and Mars, entry
is far easier to effect from the loads standpoint.
For grazing trajectories, the limit speed for
magnitude of deceleration equal to 10 Earth
gravity accelerations as well as the minimum
speed of approach corresponding to Hohmann
transfer is given in table 5411,

The last column of table 54-TT gives the de-
celeration in Earth g units for vertical atmos-
phere entry. Again Mars and Titan represent
a one order magnitude reduction in loading
compared to Venus and Earth (listed for
Earth parabolic speed) vertical entry. Note
that for vertical descent, Jupiter entry is one
order magnitude more difficult than Earth
entry contrary to the case for grazing entry.
Steep approach to that large massive planet will
be troublesome.

Let us now return to the subject of aerody-
namic heating. As noted earlier, at speeds ex-
ceeding Earth parabolic speed, radiation of the
air in the compressed atmosphere ahead of a
blunt entry body is expected to become the
principal contributor to the aerodynamic heat-
ing. Thus, in contrast with the aerodynamic
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heating at the lower speeds where convective
heating dominates so that the ratio of heat-
transfer coefficient to drag coefficient can be kept
small and essentially independent of the speed,
the heat to drag ratio now apparently increases
rapidly with increase in speed; that is to say,
the fraction of the total kinetic energy per unit
of vehicle mass which appears as heat to the
vehicle increases with speed. But this total
energy per unit of mass itself increases as the
square of speed; hence, it is clear that the
magnitude of the aerodynamic heating with
increased speed soon reaches such alarming
proportions that the fraction of vehicle mass
which can be allocated to the payload becomes
economically untenable.

What, if anything, can we hope to do to
make more efficient entry possible at the higher
speeds? This question answers itself if we but
review the past developments. In the speed
range of ballistic missiles, the heating during
atmosphere entry was essentially all convective
heating. The least ratios of heat-transfer co-
efficient to drag coefficient were obtained with
very blunt shapes. Now for higher speed entry
we must answer the question, “What shapes
will provide the minimum ratio of heat-transfer
to drag coefficient when both radiative and
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convective heating occur and the radiative
heating tends to dominate?”

The answer which has occured to me, and
probably to others as well, is that we must con-
cede some ground on convective heating if by
so doing we can drastically reduce the radiative
heating. To attain this end, a conical body
looks attractive. As shown in figure 54-11, a
conical bow shock reduces the air speed normal
to the wave to V sin 6, in contrast to V for a
severely blunt body. Of course, the drag co-
efficient for the conical body is less than that
for the blunt body but the radiative heating
should be considerably less, since it is so very
speed sensitive, so that a net gain may be
possible.

An analysis of this problem for entry into
the Earth’s atmosphere has been undertaken
by my colleague Mr. Alvin Seiff and me. To
date the case for the laminar boundary layer
and for ablative heat shields has been com-
pleted, and it has been assumed that the conical
shape is maintained during ablation—a critical
assumption as will be discussed later. Some
of the results to follow are most instructive.
Let us define a mean value of heat-transfer
coefficient, Cg, so that

@ l .
5 f_m . CapVdt o
OD mEVEz

2

The value Cy/Cp is the fraction of the total
vehicle kinetic energy at atmosphere entry

BOW SHOCK

F16URE 54-11.—Velocity vectors for conical bodies.
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Ficure 54-12.—Ratio of mean heat-transfer coeflicient
to drag coefficient for one cone half-angle.

which must appear in the form of heat to the
vehicle.

It may be related directly to mass loss due to
surface ablation, m,, by

A

On figure 54-12 is shown the variation of Cu/Cy
as a function of entry speed for one arbitrary
case in which

Cone half-angle; 6,=30° h
Ballistic param- B ODp?A —100

eter; Bgm sin ¥
Cone base radius; r,=1m - (33)

Teflon ablator,
specific energy
of ablation;

= o M’
fr=2X10 sec?
7

These particular values are not pertinent to
the following discussion—rather this case
should be viewed as a typical one to show the
trends with speed and the contributions to the
total of the convective, the nonequilibrium
radiative, and the equilibrium radiative com-
ponents. As seen, for entry speeds up to about
16 km/sec, the convective heating contribution
dominates, indicating the very effective suppres-
sion of radiative heat transfer provided by the
cone flow field. The decrease of Un/Cp with
speed in the low-speed regime is principally a
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result of the effect of blowing of the ablated
vapor within the boundary layer in reducing
the convective transfer. When radiative heat-
ing does become important with increasing
speed, it rapidly dominates. The nonequilib-
rium radiative contribution is relatively unim-
portant—a result which may be regarded as a
general one.

Figure 54-13 shows the effect of varying the
cone half-angle, other factors being equal. The
advantage of choosing the optimum cone-angle
from the envelope curve for the particular entry
speed of interest is apparent. Figure 54-14
shows the envelope curves for various values of
the ballistic parameter. The results shown indi-
cate that the smallest ballistic parameter is best.

CONE HALF : :
6- ANGLE, fg = 557 /50°’45° Jace 350

o
x
UD
~
=4
L&)
=1
>
z
Y
G
i
&
't
[=3
(5]
(4]
oo

FIeURE 54-13.—Ratio of mean heat-transfer coefficient
to drag coefficient as a function of cone half-angle.

However, it should be recalled that laminar
flow only was assumed for these calculations
and, in reality, one cannot expect to maintain
laminar boundary layers to arbitrarily high
Reynolds numbers. If we limit the Reynolds
number to 107 based on local conditions—which
at present seems an upper limit of what appears
to be a reasonably safe value—then the least
values for the ratio of mean heat transfer to
drag coefficient are as indicated by the heavy
solid line. The fraction of the tota] kinetic
energy at entry to the atmosphere which must
be accepted as heat energy by the heat shield
can apparently be kept to low values even at
entry speeds well in excess of earth parabolic
speed.
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F16URE 54-14.—Minimum ratio of mean heat-transfer
coefficient to drag coefficient for various values of
ballistic parameters.

Figure 54-15 gives the optimum cone half-
angles as a function of speed. The optimum
angles are not small even for very high entry
speeds. It is of some interest to note that at
the optimum condition the analysis indicates
that the convective heat transfer constitutes be-
tween 85 percent and 90 percent of the total.

The corresponding ratios of ablated mass to
entry mass are shown on the curve marked
“Teflon ablator” in figure 54-16. It appears
that one could keep the ablated mass loss to 10
percent or less to speeds up to 15 km/sec with
Teflon (or equivalent ablative materials such
as nylon or polyethylene). For higher entry
s peeds an improved ablator is needed. Graph-
ite looks particularly appealing.

Now, it will be remembered that the fore-
going analysis was predicated upon the assump-

CONE BASE RADIUS, 1y = Tm— ,

TEFLON ABLATOR, {,=2x10° m%sec®
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FreURE 54-15.—Optimum cone half-angles as a function
of entry speed.
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F16URE 54-16.—Ratio of ablated mass to entry mass as
a function of entry speed.

tion that the conical vehicle remained conical
during entry. The local heat transfer varies
greatly over the surface, being large at the cone
apex and small near the base. For an ablative
shield for which the heat of ablation is uniform
over the surface, the ablation, accordingly,
would be nonuniform over the surface. A
shape which was conical at entry would be-
come blunted by the large convective heat trans-
fer at the apex. Then the radiative contribu-
tion would maintain this flattened forward
face which would grow as the entry trajectory
progressed (see ref. 23). Thus the ratio of
heat-transfer coeflicient to drag coeflicient and,
in turn, the ratio of ablated mass to entry mass
would exceed those we have given previously.
This increase in ablation would not be great
if the entry speed were only moderately larger
than Earth parabolic speed. However, it
would certainly be excessive, if not overwhelm-
ing, at the highest entry speeds we have con-
sidered. The question then arises: What can
be done to prevent excessive nose flattening from
occurring? Several remedies suggest them-
selves. The more attractive of these are the fol-
lowing: Oneisto feed a solid-ablator rod (e.g.,
a graphite rod) of small radius through a hole
at the apex at a programmed rate equal to the
rate of ablation so that growth of a flattened
face over the remainder of the body can be
prevented. Another is to expel a suitable
ablating liquid, such as water, through an ori-

265

fice at the apex which could accomplish the
same result. A third is to employ a near coni-
cal shape which prior to entry is cusped at the
apex so as to delay the radial rate of growth of
the flat face. This last alternate would prob-
ably not be as effective as the other two, but it
avoids the need to program the rate of feed of
ablation material. In any event it does not
appear that this problem is an unsurmountable
one for entry speeds up to 20 km/sec or so, but
the required mass loss will exceed in some de-
gree the amounts which were previously indi-
cated in figure 54-16.

One final problem which, I believe, will bear
investigation concerns the effects that the gas
compression process in shock waves will have
on the flow field about aerodynamic bodies
when the enthalpy is extremely high, such as in
the case for meteoric bodies, for example, at
maximum entry speeds (50 to 70 km/sec for
Earth). At these speeds a pointed body is
blunted almost immediately. A gas cap of a
blunt body, such as shown in figure 54-17(a),
at the lower hypersonic speed radiates energy
mostly in the long wavelength end of the spec-
trum. The fraction of this gas cap energy
which radiates away from the body is only very
minutely absorbed in the neighboring air layers
ahead and to the side of the body. One can

/ignore, then, the effects of the radiation on the

oncoming stream of air (i.e., in effect, one as-
sumes the radiation is absorbed at infinity).
As flow speed is increased, the principal radia-
tion of the gas cap energy moves to shorter and
shorter wavelengths until at very high speeds
practically all the energy is radiated at such
short wavelengths that a substantial fraction
can be absorbed in air layérs directly ahead of
the body. Thus, preheating of the air ap-

B8OW SHOCKS -
STREAMLINES

(a) LOW HYPERSONIC SPEED

(b} HIGH HYPERSONIC SPEED

F1cURE 54-17.—Blunt bodies in hypersonic flow.
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proaching the body occurs and, accordingly,
the gas cap energy increases since it must ac-
cept this preheated air as the flow progresses.
It appears that one effect of such “radiation
trapping” is that the body must now accept more
than half the energy radiated from the gas cap.
Also, the air flow is no longer a usual hyper-
sonic one since the gas ahead of the body, al-
though moving at speed greater than that of
pressure propagation, is now forewarned of the
presence of the body. Moreover, the energy
contained in each elemental volume can no
longer be treated as constant, by virtue of the
transfer of radiant energy from element to ele-
ment within the flow.

Analyses concerned with prediction of tem-
peratures and pressures within the Earth’s at-
mosphere due to the sudden release of nuclear
energy (see, e.g., ref. 24) indicate that when
radiation absorption in neighboring layers be-
comes an important consideration, the ioniza-
tion process itself brings new facets to the prob-
lem. The numerous liberated electrons, because
they have a much greater mobility than the
heavy particles, tend to be segregated from the
main gas cap mass. Thus the flow becomes
a charge-separated one so that additional flow
changes are expected. In 1957, Sen and Guess
(ref. 25) formulated an analysis of shock wave
structure for conditions under which radiation
mean free path is small and the so-called Rosse-
land approximation term can be used. The
similar work of V. A. Prokofiev (ref. 26) is
particularly enlightening. He shows that a

rather dramatic thickening of the shock wave
can result. To keep his mathematics and phys-
ies within bounds, Prokofiev neglected viscosity
and heat conduction and treated only hydrogen
and argon. His calculations, which are already
rather complex, thus fail to push knowledge as
far as we would like but the effects of radiation,
as well as ionization, are demonstrated con- -
clusively, My colleague, Dr. Max Heaslet, after
reviewing these analyses has found that our
physical knowledge has been materially im-
proved since these earlier works appeared so
that it would seem that a reanalysis is in order.
He is undertaking such an analysis at this time.
However, without knowing what shock thick-
ening is characteristic for air in very high
enthalpy flows we can, in any event, describe
the possible effects of such thickening. Sup-
pose, as indicated in figure 54-17(b), the shock
thickness, as indicated by the shading, becomes
comparable with the dimensions of the body.
The presence of the body will then be felt in
the flow ahead of it by about this thickness.
The stream lines will therefore resemble those
we normally associate with subsonic flows, but
clearly will be of a far more complex nature.
In summary, only a few of the hypersonic
problems which will need solutions in the fu-
ture have been treated. The advance in flight
speeds and the introduction of gas media other
than the air will introduce a host of new ones.
Many of these requiring both analytical and
experimental study are most fitting as fields
of interest for our university research staffs,
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By Alvin Seiff

ALvIN SEIFF 48 chief of the Supersonic Free-Flight Wind Tunnel Branch,
NASA Ames Research Center. He earned a B.S. degree from the University
of Missouri in 1942 (chemical engineering). He is interested in hypersonic
aerodynamics and manned space flight. Mr Seiff was associated with the de-
velopment of first atomic bomb at Oak Ridge; he developed free-flight testing
technique for hypersonic research; he was first to point out the effects of wall
temperature on skin friction of supersonic turbulent boundary layers; he per-
formed early studies on transition to turbulence in supersonic boundary layers;
and he contributed to the development of concepts of manned lunar flight. He
is an Associate Fellow of the Institute of the Aerospace Sciences. Mr. Seiff
was a physics instructor at the University of Tennessee from 1946 to 1948.

SUMMARY

This paper attempts to summarize some of the sig-
nificant recent developments in the description and
understanding of hypersonic flow flelds. Topics dis-
cussed include the blast-wave theory, and the more
exact description of pressures and bow-wave shapes to
which it is applicable; Newtonian impact theory, with
emphasis on its limitations; calculation of flow fields
with detached bow shock waves by numerical solution
of the equations of motion, with emphasis on stream-
tube methods; shockwave standoff distance for hemi-
spheres as given by theory and experiment ; secondary
flow fields embedded within hypersonic shock layers;
hypersonic flow of gases other than air; and one-
dimensional shock waves with energy exchange by
radiative transfer. The treatment of these topics is
necessarily brief, but an effort is made to stress im-
portant conclusions, and to present references where
available to permit the reader to obtain more detailed
information.

INTRODUCTION

The past five years have seen some notable
progress in the understanding of hypersonic
gas flows. This progress has not been so much
a matter of one or two brilliant discoveries but,
instead, a general advancement contributed to
by many investigators. The two most formid-
able and practically important problems of hy-
personic flow—flow with a detached bow wave
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and the flow of real gases at elevated tempera-
tures—have both given ground to a considerable
degree. While the detailed understanding of
these problems and the final description is al-
ways accomplished theoretically, the important
role of experiment in defining the importance
of various effects and in pointing out the exist-
ence of new effects should not be underesti-
mated. It is significant that experimental
facilities have made rapid strides within this
same time period, increasing their speed capa-
bilities by a factor of approximately 3, and
now reaching speeds in the range of 36,000
to 40,000 ft/sec.

Although flow in the vicinity of a blunt nose
is frequently viewed as the hypersonic flow
problem, other problems are of interest and
have received attention, including the flow field
downstream of a blunt nose, such as would
occur along a cylindrical surface preceded by
a blunt nose, or in the wake of a blunt-nosed
entry body; flow over stabilizing surfaces and
controls; and flow over pointed cones. Re-
cently, interest has developed also in the hyper-
sonic flow of gases other than air, Several of
these topics will be discussed at least briefly in
this paper.
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The theoretical methods which have been ap-
plied to these problems include some approxi-
mate methods, one of which, blast-wave theory,
deserves special mention as an important first-
order description of the basic hypersonic flow
phenomenon, although, as will be seen, it is not
quantitatively accurate at the present state of
its development. The Newtonian impact
theory, certainly the most widely used theory
for hypersonic flow, must also be considered. A
more general appreciation of the limitations of
this theory is needed. Because of its simplicity,
it has been somewhat wantonly applied in the
recent past to problems where it is not applica-
ble; as with any other theory, it is important to
understand where the impact theory can and
cannot be used.

The more exact methods of solutions applied
to the blunt-body problem and to real-gas flow
problems, in general, are invariably numerical
solutions of the equations of motion, usually
performed with an electronic computer. Al-
though a number of techniques have been ap-
plied to obtaining these solutions, emphasis
will be given to one of these, the mathemati-
cally simple stream-tube methods.

BLAST-WAVE THEORY, BOW WAVE PROFILES,
AND AXIAL PRESSURE DISTRIBUTIONS

Let us begin our detailed considerations by
examining the broad picture of hypersonic flow
downstream of a blunt nose as given by the
blast-wave theory. It will be of interest to com-
pare this picture with experimental informa-
tion and the results of more exact theory. The
blast-wave theory, developed by G. I. Taylor
in England and by L. I. Sedov in the U.S.S.R.
(refs. 1 and 2), was originally written to con-
sider the problem of the strong shock wave
(generated, for example, by a nuclear explo-
sion) and resulting disturbance within the
wave. This problem was idealized by these
authors to the case of a gas with a constant
ratio of specific heats, y, and the strong shock-
wave approximations were employed. The ap-
plication of blast-wave theory to hypersonic
flow problems was suggested by W. Hayes, who
pointed out that the radial growth of a cylin-
drical blast wave with time could be related to
the rate of growth with distance behind the nose
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of the bow shock wave generated by a blunt-
nosed body in hypersonic flow. The case of a
cylindrical blast wave was treated in this coun-
try by S. C. Lin (ref. 3), who applied Hayes’
transformation to obtain the following equa-
tions for the bow-wave profile and the axial
pressure distribution for a constant y=1.4.

W
50,800, (3) )
P OHM.
£—0.0002 22 e @)

The first equation predicts that the bow wave
will be a paraboloid of revolution. Two char-
acteristics of this equation should be noted.
One is that the bow waves described are insen-
sitive to nose shape, depending only on the
one-fourth power of the drag coefficient. Sec-
ond, the equation is deficient in that the waves
do not approach their known asymptotic slope,
the tangent of the Mach angle, except at infi-
nite Mach number. The second equation gives
the interesting result that pressure on a cylin-
drical body following a blunt nose is a rapidly
increasing function of Mach number, predict-
ing, e.g., a pressure of 13.8 p ., at M, =20 for
a point 2 diameters behind a nose with a drag
coefficient of 1. From the standpoint of the
cylindrical explosion, this high pressure may
be explained by saying that the energy of the
explosion is at this station confined to such a-
cross section as to maintain the high pressure.
An aerodynamicist might prefer to say that the
high pressures of the nose region have carried
over onto the cylinder. .

The work of Sedov (ref. 2) and that of
Sakurai (ref. 4 reviewed and summarized in
ref. 5) indicates that the constant coefficients in
Lin’s equations (1) and (2), which are re-
stricted to y=1.4, are more properly functions
of y. These coefficients are also given in gen-
eral form for any constant value of y in ref-
erence 6.

But how accurate are these predictions? In
figure 55-1 a comparison with experiment and
more exact theory is shown. In figure 55-1(a)
Lin’s equation is compared with a correlation
formula given by Van Hise (ref. 7) for a gas
with constant y=1.4. The Van Hise formula is
based on a correlation of pressure distributions
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number.

obtained by the method of characteristics for
pointed bodies, shown in figure 55-2. The
Mach numbers are for the most part, greater
than 20, and the data plotted are restricted to
the region beginning approximately four nose
lengths downstream of the shoulder. The
agreement between Lin’s formula and Van
Hise’s correlation is exceptional. In figure
55-1(b) the blast-wave pressure distribution is
compared with a wind tunnel experiment for a
Mach number of 7.7 (ref. 8). While these data
and the characteristics solution performed by
Inouye and Lomax for the same conditions as
the experiment (ref. 9) show the type of be-
havior called for by blast-wave theory, agree-
ment is not quantitative. This may perhaps be
a consequence of the Mach number being too
low. In figure 55-1(c), the blast-wave theory
is compared with a real-gas flow-field solution
for a speed of 20,000 ft/sec (ref. 10). Again,
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FIGURE 55-1(c) .—Pressure distributions given by blast-
wave theory and exact theory for real air.
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M=77

FIGURE 55-1(b).—Pressure distributions given by blast-
wave theory, experiment, and exact theory at M , =
7.1.

agreement is only qualitative, perhaps because
of a violation of the assumption of constant
y=1.4. This is a representative current picture
of comparisons of the blast-wave pressure dis-
tribution with experiment and more exact
theory—it is qualitatively correct, but quantita-
tively frequently in appreciable error. The
basic description of the flow field provided by
blast-wave theory is correct, however, to a first
order of approximation, and the validity of the
view that the blunt-nosed body at hypersonic
speed may be considered as a cylindrical explo-
sion phenomenon is confirmed.

Also shown in figure 55-1(c) is a predicted
bow wave compared with an experimental bow
wave at a Mach number of 15. About the same
type of comparison is obtained as in the case of
the pressure distributions. If the waves are
made to start at the same origin, the theoretical
wave intersects and passes through positions
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Fieure 55-2.—Correlation of body-surface pressures by
use of blast-wave variables.
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Ficure 55-3.—Correlation of bow-wave proflles by use
of blast-wave variables.

occupied by the body, which is clearly impossi-
ble. However, it is found that the form indi-
cated by blast-wave theory for the wave equa-
tion is very suitable for describing experimental
shock waves, with only minor alterations in the
coefficients and exponents. The latter can, in
fact, be correlated as a function of a stream
total enthalpy (ref. 11). Such a correlation is
shown in figure 55-3. It is particularly note-
worthy that the one-fourth power dependence
on drag coefficient successfully brings together
data from the set of blunt noses shown in the
figure, which show appreciable variations in
both wave profile and drag coefficient. Al-
though the exponents and the coefficients ob-
tained differ importantly from the theoretical
values for quantitative purposes, they are of
the theoretical magnitude.

The above correlations are restricted to the
region “not too close” to the body nose. In the
nose region, as noted above the hemispheres, the
theoretical bow wave intersects and passes
through the body nose. Experimentally, the
wave profile in the nose region is smooth and
continuous and never intersects the surface. A
detailed comparison of the blast-wave shock pro-
file and some experimental nose-region profiles
is shown in figure 55-4 for a pair of highly
blunt noses. Since the experimental bow-wave
profiles necessarily lie outside the theoretical,
it may be said that the wave growth in this
region is forced by the nose profile, rather than
being allowed to take the “natural” growth
curve of a cylindrical blast wave.
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It is interesting that a two-line fit to the shock-
wave coordinate data on logarithmic paper
yields a very adequate description of the wave
ordinates in this figure (ref. 11). The nose-
region power law expression for the bow wave
has a smaller exponent than that for the down-
stream region. The exponent tends to be fur-
ther reduced by decreasing the shock-wave
standoff distance. This may be interpreted as
an approach to a step wave, for which the ex-
ponent would be zero. Where the theory is
violated as a result of the nose forcing the rate
of wave growth, the pressures predicted must
also be in error and only become valid 2 or 3
diameters downstream.

In the region to which blast-wave theory may
be applied, the following technique has been
used to obtain the flow-field properties through-
out the disturbed flow with considerably im-
proved accuracy over blast-wave theory (ref.
12). The bow-wave profile is taken from the
correlations described by figure 55-3. A pres-
sure distribution in the radial direction mathe-
matically similar to that given by blast-wave
theory is assumed. The value of the static pres-
sure at the bow wave is calculated from the
wave slope, and the body surface pressure is
determined from a numerical integration to sat-
isfy continuity of flow through the cross section
considered. This technique is comparatively
easy to apply and has in some cases led to excel-
lent agreement with the results of more exact
calculations, as shown in figure 55-5. The pro-
files of density, temperature, and velocity ob-
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Ficure 55—4.—Relation of nose region and downstream
bow waves of very blunt bodies.
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— COMPUTED, ASSUMING A RADIAL PRESSURE
DISTRIBUTION SIMILAR TO BLAST-WAVE
THEORY

——— EXACT SOLUTION, METHOD OF GRAVOLOS
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F16URE 553-5.—Improvement of the blast-wave solution
by use of correlated experimental shock wave.

tained in this case are in as good agreement with
exact theory (from ref. 10) as the pressure pro-
files shown. It should be expected, however,
that whenever the form of the pressure distri-
bution in the cross section differs from that
given by blast-wave theory, the accuracy of the
computed properties would deteriorate.

FLOW IN THE NOSE REGION OF
BLUNT-NOSED BODIES

Limitations of Newtonian Impact Theory

Turning now to consideration of the flow in
the nose region of blunt-nosed bodies, we may
begin by noting that this is the problem to
which the Newtonian impact theory most prop-
erly applies. The flow described by impact
theory is one in which the component of free-
stream momentum normal to the body surface
is lost while the component parallel to the sur-
face is unchanged. This condition is most near-
ly realized in a thin disturbance Iayer where the
flow direction is of necessity approximately
parallel to the body surface. Since the pre-
dominant mechanism for altering the free-
stream momentum is the bow shock wave, which
for a thin disturbance layer is approximately
parallel to the surface, and since it is a known
property of oblique shock waves that the com-
ponent of velocity parallel to the wave is un-
affected by the wave, the basic conditions for
impact flow obtain when the shock or disturb-
ance layer 1s thin. A corollary to this state-
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ment is that the basic conditions for impact flow
are not satisfied unless the shock layer is locally
thin and the shock wave approximately parallel
to the body surface, since it cannot then be as-
sumed that the component of momentum paral-
lel to the surface is the same as that in the free
stream.

It has long been recognized that a thin shock
layer is not necessarily a uniform pressure layer
normal to the body surface, since curvature of
the surface dictates that the streamlines be
curved and that pressure gradient exist normal
to the flow direction. For convex surfaces, the
pressure immediately behind the shock wave
must be higher than that at the body surface.
Early investigators tried to define a centrifu-
gal-force correction to be applied to the impact
theory (see, e.g., ref. 13). However, it is not
correct to assume that the impact theory gives
the pressure immediately behind the shock
wave, for two basic reasons: (1) The shock-
wave angle is, in general, greater than the body
surface angle at corresponding points; and (2)
even if the wave angle rather than the body
angle were used in the impact pressure equation,
the pressure coefficient would be in error by a
factor 1— 0= / o, because the momentum normal
to the wave is not entirely lost at the wave.
Thus, an essential shortcoming of centrifugal-
force corrections is that the pressure to
be corrected, that immediately behind the shock
wave, is not obtained from simple impact
theory. Experience has shown that these cor-
rections are not in general successful, and the
simple impact theory is to be preferred over the
corrected theories. Furthermore, detailed in-
vestigations made by more exact theories show
that the pressure differences from the body to
the shock wave are not usually as large as 20
percent of the body surface pressure.

The impact theory equation for pressure co-
efficient, ;=2 (sin 6)2, is now ordinarily modi-
fied by replacing the coefficient 2 by the pitot
pressure coefficient (' to obtain Cp=Cyp (sin
g)2. The latter form, conventionally referred to
as modified Newtonian theory, insures that the
pressures will be correct at and in the vicinity
of the flow stagnation point.

Even in the case of the blunt-nosed body, con-
ditions arise in which the impact theory fails
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FiGUrReE 55-6(a).—Deviation from impact theory of
pressures near the base of hemispheres.

to give the pressure distribution accurately.
Two of these are illustrated in figure 55-6. (Ex-
perimental data in this figure are from refs.
8 and 14 through 17.) The first is the case of a
hemisphere cylinder at high Mach number.
The modified impact theory, which is by defini-
tion exact at the stagnation point, gives the
pressure distribution correctly to at least 45°
surface angle from the stagnation point. At the
higher angles shown in the left part of this fig-
ure, and on the cylindrical afterbody, the er-
rors of the theory, expressed as percent of the
measured pressures, become large. A deviation
of the data from the theory obviously means
that the theoretical assumptions are not being
met. The shock wave at these stations is de-
parting from parallel to the surface and is
gradually moving away, just as the pressures
are gradually beginning to disagree. It isinter-
esting to see how the region of the impact
theory, the nose region, gives way to the region
of the blastwave theory as the experimental
data make a transition from one to the other.
As the Mach number is increased, the level of
pressures on the back part of the hemisphere
tends to increase. The impact theory does not,
then, give the high Mach number limit of the
pressure distribution on a hemisphere.

For the region of departure of the pressure
data from impact theory, it has been observed
by Iees and Kubtoa (ref. 8) that Prandtl-
Meyer expansion equations relating stream
angle to pressure can be used to estimate the
pressures.
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Fraure 55-6(b).—Deviation from impact theory of
pressures on a flat face at angle of attack.

The second example in figure 55-6(b) is of
interest and importance to entry vehicles which,
like the Mercury and Apollo, have essentially
flat faces. The impact theory predicts for this
case a uniform pressure over the face, as shown.
Experiment (unpublished wind-tunnel meas-
urements by Stalder and Seiff) shows an appre-
ciable variation in pressure, which is maximum
near the leading corner, as might be expected
intuitively. This failure of the theory is again
attributable to an inadequate description of the
shock wave, which should ideally be plane and
parallel to the face. A more realistic shock-
wave profile is shown sketched. It is interest-
ing that the eccentricity of the experimental
pressure distribution is responsible for a thin
disk being statistically stable in flight with its
flat face normal to the flight direction.

More Exact Theory

Since the impact theory is unfortunately un-
able to quantitatively describe in all cases the
flow over a blunt nose, more exact theories are
required. Certainly, fundamental interest in
such flows also leads to more detailed investiga-
tions. This problem has attracted much inter-
est and attention in the last 10 years, and a
number of methods of attack have been de-
scribed and applied. These have been well sum-
marized in the textbook on Hypersonic Flow
Theory by Hayes and Probstein (ref. 6), and
it will not be the purpose of the present paper
to repeat this summary. The writer would,
however, like to indicate what in his opinion is



RECENT INFORMATION ON HYPERSONIC FLOW FIELDS

the present state of this field of investigation,
and to point out some of the significant develop-
‘ments.

It is important to note, for example, that all
presently available solutions which may be re-
ferred to as exact are numerical solutions,
rather than explicit functional solutions, for the
flow variables. Also, the methods of solution
may be classified in three groups: (1) those
that seek to integrate the complete equations of
motion, given the body shape; (2) those that
specify a shock shape and numerically integrate
the equations of motion to define the flow field
and the body shape; and (3) the so-called
stream-tube methods. The first group considers
perhaps the most difficult problem. One of the
essential boundaries of the flow, the shock wave,
is initially unknown in shape and position.
Computational difficulties arise near the sonic
line, and the computations are, in general, quite
complex and intricate. Accordingly, very few
solutions by these techniques have been pub-
lished. The second group, by specifying the
shock wave, and finding the body shape as a
result of the computation, raises the objection
that one cannot directly solve the problem of a
particular body shape which may be of immedi-
ate interest. Also, for certain ranges of con-
ditions, the body shape is very sensitive to small
changes in the shock-wave shape. This is par-
ticularly true for nearly flat faced bodies. Com-
putational difficulties initially associated with
this approach have been overcome at least for
the case of the ideal gas (refs. 18 and 19).

The third method, the stream-tube method,
has an essential simplicity which is at once ap-
pealing and surprising—surprising because the
inherent difficulty of the blunt-body problem
has become almost an axiom of our time. The
principles which must be understood to apply
the stream-tube method are elementary. The
method is, like the others, somewhat Iaborious
and requires iteration. It also runs into nu-
merical accuracy difficulties for the nearly flat
body, which apparently poses problems for all
known methods of solution.

In the stream-tube method (see fig. 55-7),
one-dimensional flow equations are applied to
the individual stream tubes and the following
assumptions are made:
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Fravre 55-7.—Stream-tube method.

(1) The flow in each stream tube is isen-
tropic downstream of the bow wave and has
the entropy determined by the free-stream
conditions and the shock-wave angle where
the stream tube crosses the bow shock wave.

(2) The total enthalpy in each stream tube
is a constant and equal to the free-stream
total enthalpy.

(8) The pressure gradient normal to the
stream tube is determined by the stream-tube
dp . p’u2
oy E°

The Rankine-Hugoniot equations are applied
at the bow wave to determine conditions imme-
diately behind the wave. An equation of state,
which for a real gasmay take the form of a Mol-
lier diagram or other graphical or tabular pres-
entation of the relationship between the state
variables, is also required.

Solutions are found at a preselected number
of stations along the body surface, such as the
one indicated in figure 55-7. The procedure is
iterative and begins with a first approximation
to the surface pressure distribution and the bow-
wave shape and standoff distance. The as-
sumed bow wave and pressure distribution are
improved in successive iterations until a com-
pletely consistent set of valuesis obtained. The
next approximation to the shock-wave contour
is obtained by determining its normal distance
from the body surface at each station and con-
necting the points so obtained. The normal dis-
tance of the shock wave from the surface must

curvature and is given by
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FI1eure 353-8.—Flow field computed by stream-tube
method ; g =33,000 ft/sec; altitude=171,500 ft.

be that required to satisfy continuity of flow
through the station under consideration, accord-
ing to the equation shown in figure 55-7.

Solutions have been obtained by this method,
with some minor variations, by a number of au-
thors, including Maslen and Moeckel (ref. 20)
and Gravalos, Edelfelt, and Emmons (ref. 21).
One which has not been previously published
by the present author is shown in figure 55-8,
for a round-nosed 30° half-angle cone at a flight
velocity of 33,000 ft/sec and an altitude of
171,500 feet. The shock-wave position and
shape shown in the figure are drawn approxi-
mately to scale. TIn obtaining this solution, the
cosine of the streamline inclination to the sur-
face was taken equal to 1, and two iterations
were performed to obtain a good approximation
to the final shock shape. The state properties
of real air at equilibrium were employed. Re-
sults of interest include the extreme thinness of
the shock layer over the entire surface; the
comparatively large variations within this thin
layer of velocity, temperature, and density re-
sulting from bow-wave curvature over the
spherical nose; and the correspondence of flow
properties in the outer part of the flow over the
conical surface to pure conical flow properties at
the same flight conditions.

Three-dimensional hypersonic  blunt-body
flows, such as those over spherical segment
noses at angle of attack, have also been studied
by use of stream-tube methods. Additional as-
sumptions employed in reference 22 for this
case include the following: (1) The bow shock
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wave is made up of circular arc segments, meet-
ing in tangent intersection at the point where
the shock wave is perpendicular to the stream;
(2) The surface streamlines are radial to the
stagnation point; and (3) The average mass
flow per unit area at a given station is the
average of the values at the bow wave and the
body surface. With these assumptions, solu-
tions are obtained which compare closely enough
with experimental observations to be considered
very useful.

Shock-Wave Standoff Distance

A quantity which has frequently been used for
comparison of various theories and for compar-
ing theories with experiment is the shock-wave
standoff distance at the stagnation point, since
a good quality schlieren or shadowgraph pic-
ture provides this information. The standoff
distance also has practical importance for radi-
ative heat transfer from the gas to the surface,
since it determines the volume of gas available
toradiate. Tt isnow well known that the stand-
off distance is determined by mass conservation
considerations, since, as was discussed in con-
nection with the stream-tube methods of flow
analysis, the mass flow passing between the body
surface and the bow wave at any given station
must match that crossing the bow wave inside
that station. The prinecipal variable affecting
the mass flow ratio, p;u,/ p U, is the gas den-
sity ratio, p;/p., since the velocity ratio is
at high speeds relatively unaffected by speed,
dissociation, etc. Hence, the shock-wave stand-
off distance for any given configuration is cor-
related in terms of the density ratio across the
shock wave on the stagnation streamline. This
type of correlation and a comparison of vari-
ous theories and experiments is shown in fig-
ure 55-9 for hemispherical noses. It can be
seen that the experimental points, from refer-
ences 23, 24, and 19, and exact theoretical points,
from references 19 and 25, define a dependence
of standoff distance on density ratio that is es-
sentially independent of other test variables.
An approximate theory of Serbin (ref. 26) that
fits the more exact theories very well has been
included. The experimental data are observed
to scatter somewhat more than do the various
theories. This scatter can probably be attrib-
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uted to two principal causes—light refraction
effects distorting the body position, and failure
of the flow to obtain complete chemical and
thermodynamic equilibrium, particularly at the
lower density ratios. The Van Dyke theoret-
ical points are for a series of Mach numbers, in-
creasing toward the origin. The Wick-Kaat-
tari line is also for a range of flight conditions
extending approximately up to the escape speed
from earth. The Seiff point is from the solu-
tion figure 58-8. 1In the range of density ratio
from 0 to 0.2, these collected data can be
very well represented by the linear equation,
8/R.,=0.78 pu/p;. According to reference 25,
this figure is applicable not only to complete
hemispheres but also to spherical segments with
arc half angles greater than about 39°.

It is important to note that shock waves in
monatomic gases, such as helium, are limited
to density ratios greater than 0.25, which is
the density ratio for a normal shock wave in
ideal air at a Mach number of 3.16. Hence,
the bow shock wave in helium tests will never
approach closer to the body than it does in air
at a Mach number of 3.16.

Shock-wave angles in cone flow are analo-
gous to shock-wave standoff distances in blunt-
body flow. It is appropriate to refer to the
angle between the bow wave and the surface as
the shock-wave standoff angle. This angle is
determined by mass flow considerations and
may be estimated on this basis (ref. 27).
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FI1GURE 55-9.—Correlation of shock wave standoff dis-
tance with density ratio at the shock wave for
spheres.
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F1eURE 55-10.—Hypersonic flow configurations.

THREE FURTHER TOPICS
Embedded Flows

Most early considerations of hypersonic flow
did not include within their scope complex ef-
fects such as are conventionally considered in
airplane design including wing-body inter-
ference. However, it is now clear that such
effects can and do arise. It is particularly
necessary to consider the flow-field interference
when an aerodynamic element, such as a stabil-
izer or control, is located in a supersonic region
of a hypersonic disturbance field. Two ex-
amples of such flows are indicated schematically
in figure 55-10. The flow configuration, as it is
now known, is shown in the upper part of the
figure, while that predicted according to impact
theory is shown in the lower part. On the left,
two differences between the flow configurations
may be noted : (1) The degree to which the bow
shock wave confines the disturbed flow to a thin
layer is far less for the actual flow than the
Newtonian, and (2) since the flow approaching
the stabilizer is supersonic, it generates a secon-
dary shock wave, an embedded flow field. On
the right, the actual bow shock wave meets the
requirements for Newtonian flow, but since the
surface Mach number at the base is supersonic,
again, an embedded shock wave occurs on the
flap.

The existence of the embedded flow field
clearly indicates that the pressures on the de-
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Fieure 55-11.—Hypersonic flight stability of blunt-
nosed flare-stabilized bodies.

flected surface must be analyzed in terms of the
local conditions ahead of that surface. In
reference 28, the use of a Newtonian approxi-
mation based on local flow conditions ahead of
the flare or flap is proposed. Available data
show that the accuracy obtained by this ap-
proach is about the same as the Newtonian
theory normally obtains when applied to usual
blunt-body problems. This type of calculation
can be used to estimate pressures, normal force,
and stability.

The interactions under discussion produce
some large and surprising effects. For example,
in the case of bodies like those shown at the
left in figure 55-10, stability variations with
Mach number occur in the hypersonic range,
where it has conventionally been assumed that
Mach number effects would not occur. One
example of this is shown in figure 55-11. A
comparison of the measured stability with im-
pact theory and with embedded flow theory
shows that impact theory is grossly in error,
while the embedded impact flow model gives
a reasonable approximation to the stability.
In the case of the flap problem shown by the
sketches on the right in figure 55-10, the effects
obtained are illustrated in figure 55-12. A large
variation in surface pressure on the flap with
distance from its leading edge is calculated to
result from variations in local flow variables
through the shear layer on the parent body pre-
sented in figure 55-8. Surface pressure coef-
ficients approach 5 compared to the Newtonian
maximum of 2, because of the more efficient
compression process utilizing two shock waves
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of lower strength rather than the single strong
shock-wave process. As is well known, isen-
tropic compression of the free stream would
yield pressure coefficients in the hundreds and
thousands at hypersonic speeds. A comparison
of figures 55-11 and 55-12 shows that in one
case, Newtonian theory overestimates the pres-
sures, and in the other case, underestimates
them. In both cases, the errors are serious.

With the impact flow model, the effects under
present consideration would not occur. The
question may legitimately be asked, “Would
these flow configurations tend to go to the New-
tonian limit at sufficiently high speed?” The
answer, as the present writer sees it, is no. Both
from empirical observations and from the theo-
retical arguments of Oswatitsch (ref. 29), it is
known that the distribution of local Mach num-
bers in the flow field becomes invariant with
Mach number at high supersonic speeds. Hence,
a locally supersonic Mach number will remain
locally supersonic, and it follows that a concave
corner will generate an embedded shock wave
at all flight speeds, however high. Also, in
light of the blast-wave theory, the bow-wave
configuration shown in the upper left of figure
55-10 will continue to be the type of wave con-
figuration at indefinitely high speed, although
it may tend to approach the body somewhat as
gaseous dissociation becomes complete behind
the shock wave and ionization becomes apprecia-
ble, both of which effectively lower the ratio of
specific heats. For conditions where the prin-
cipal bow wave intersects the flap or control,
Newtonian flow may be obtained on the flap in
the outer portions.

EMBEDDED-FLOW
THEORY -
u=33,000 FT/SEC

IMPACT THEORY

J L 1 —
0] .2 4 8 8 1.0
¥/ ¥s

F16URE 55-12.—Embedded flow on a flap control.
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Flows in Other Gases

Most recently, interest has developed in gas
flows involving gases other than air. This is
stimulated by (1) a desire to use test gases
which do not liquefy when expanded to high
Mach numbers, such as helium, and (2) interest
in entries into the atmospheres of the planets
Mars and Venus which atmospheres are usually
assumed to consist predominantly of mixtures
of nitrogen and carbon dioxide." The import-
ance of the gas composition depends on which
flow-field properties are under consideration
and on the body shape. For cases where the
Newtonian approximation is valid, pressure
distribution and force produced will not de-
pend significantly on the gas employed, since
Newtonian pressure equation is independent of
all gas characteristics. It may be noted, how-
ver, that air flows will tend to approach the
Newtonian condition more closely than helium

- flows because of the thinner shock layers in air.

It has also been shown that air and helium
flow will differ systematically in the regime
where blast-wave theory applies, on cylinders
behind blunt noses. It can be seen in figure
55-2 that afterbody pressures behind blunt
noses are 10 to 15 percent higher in helium than
In air, and it is also found (ref. 7) that the

o AIR
o CARBON DIOXIDE
AaHELIUM
v ARGON
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0

Freure 55-13.—TFlight stability of in four gases of a
a blunt-nosed flare-stabilized body.
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F1gure 55-14.—Normal shock wave with radiative
energy exchange.

bow-wave radius of cross section is roughly 5
percent greater in helium than in air.

Configurations which generate embedded
flow fields will apparently be especially sensi-
tive to gas composition. This is shown in figure
55-13 by a collection of data from reference 30
for a flare-stabilized blunt-nosed body. These
effects on static stability are surprisingly large.
They are predictable as to trend, at least, by the
same method employed in the preceding figure.
These results give indication of interesting
problems yet to come in the gas dynamics of
other gas mixtures.

Flow With Radiative Energy Exchange

A classical assumption of gas dynamics has
been the assumption of constant energy on
streamlines outside of the boundary layer. The
consideration of gases which are luminescent as
a result of compression processes in the flow
field has brought a realization that energy ex-
change must be allowed. Normally, one thinks
first of energy loss by radiation from the high
temperature gases near a stagnation point.
There will, of course, also be regions of the
flow for which there is a net gain in energy by
radiation absorption. Thisis true, for example,
of the gas immediately ahead of a strong shock
wave.

These problems have been considered in refer-
ences 31 and 32 and are also the subject of a
recent study by Heaslet and Baldwin at Ames
Research Center. Some results from their
study are shown in figure 55-14. The problem
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considered was the one-dimensional normal
shock wave in a radiating and absorbing gas.
Distributions of temperature and velocity, in
dimensionless form, are shown as a function of
dimensionless distance in the flow direction.
The physical coordinate, dz, is divided by the
local mean free path for absorption and inte-
grated to obtain £ Two cases are shown, a
weak effect, corresponding to a weak shock
wave and low radiation levels, and a strong ef-
fect, corresponding to a strong shock wave and
high radiation levels. The weak effect case
shows a spreading out of the shock wave so
that no discontinuous jump occurs in velocity
or temperature. The shock wave is diffused
over a distance of about four radiation mean
free paths. This is analogous to the effects of
viscosity or thermal conductivity in diffusing
the shock surface. In the strong effect situa-
tion, the velocity shows a definite discontinuity,
but also shows an upstream influence due to ra-
diation ahead of the shock wave to a distance
of about 20 mean free paths of the radiation.
The temperature distribution also shows a dis-
continuity—an adiabatie, inviscid shock wave—
and a very local overshoot jump immediately
behind the wave. Although the overshoot re-
sembles a relaxation-induced effect, nonequi-
librium conditions were not included in this
study, so the overshoot is purely a result of the
radiative energy exchange. The over-all tem-
perature and velocity changes obey the Rank-
ine-Hugoniot equations and hence match the
corresponding values for the case of no radia-
tive energy exchange. Further studies in flows
with radiative energy exchange will certainly
be of interest and importance at very high flight
speeds.

CONCLUDING REMARKS

In this review, we have attempted to touch on
some of the significant quantitative results
available pertaining to hypersonic flow fields.
Needless to say, it has not been possible within
this brief note to describe in sufficient detail all
of the important work which has been done,
and some very interesting and competent in-
vestigations have had to be dismissed with just
a few words. Much useful quantitative work
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has been done within the last 10 years. In
fact, it is true that most of today’s quantitative
knowledge of hypersonic flow is a product of
that period.

It is somewhat of a gamble to try to predict
what direction future work should or will take.
One thing is certain, consideration will be given
to still higher flight speeds. The phenomenon
of departure from adiabatic flow has been men-
tioned as a future problem area. The charac-
teristics of highly ionized flow fields will also
have to be considered and evaluated. A prob-
lem that is receiving attention, but still has not
been resolved to a few simple conclusions, is that
of flow with nonequilibrium chemistry and
thermodynamies, which tends to occur at high
flight altitudes. In addition, a practically end-
less set of questions awaits us in the study of
the dynamics of gases other than air. It seems
that the next 10 years can easily be as interest-
ing and as challenging as the 10 years just past.

SYMBOLS

drag coefficient

P—Px
o©

static stability coefficient

body diameter

Mach number

pressure

pressure coefficient,

1]

: 1
dynamic pressure, 3 pu?

radius of cross section

radius of curvature

distance along surface from stagnation point

temperature

air velocity

axial coordinate

coordinate normal to body surface

angle of attack, or angle between streamline and
body surface (fig. 55-7)

shock-wave standoff distance at stagnation point

adiabatic exponent, ratio of specific heats

air density

surface angle relative to free stream direction

dimensionless coordinate in flow direction, figure
55-14

Subscripts:

R R ﬁg&;‘)é}g

tr DO QR @

in the undisturbed free stream
behind the bow shock wave
body

body nose

at the shock wave

total
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on blunt bodies including boundary-layer transition, dynamic stability, and gas-
cap radiation; he directed research on hypervelocity impact as applied to
meteoroid hazard of spacecraft. Mr. Canning is affiliated with Sigma Xi.

INTRODUCTION

The day has long since passed when the aero-
dynamicist working on problems of hypersonic
flight could ignore the effects of fundamental
physical changes that occur in air at high tem-
peratures. The successive complications that
arise beyond those presented by ideal gases,
which have translational and rotational degrees
of freedom, result from vibration, electronic ex-
citation, dissociation, formation of new mole-
cules, and ionization. The varying rates at
which these phenomena occur produce addi-
tional complications. The fundamentals of at
least a part of these processes are well in hand;
for example, the thermodynamic properties of
air and other gas mixtures at elevated tempera-
tures may be calculated with great precision.

THERMODYNAMIC AND CHEMICAL
PROPERTIES

The details of the calculations and the funda-
mental spectroscopic work on which the entire
theoretical model is based are beyond the scope
of the present paper, but an outline of the steps
involved may be useful. Emission and absorp-
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tion spectra of constituents, such as those pre-
sented in reference 1, are used to calculate the
molecular constants and, subsequently, the par-
tition functions of the atoms and molecules of
the particular system in question. The equi-
librium constants used for caleulating the chem-
ical balance of all anticipated reactions are
derived, in turn, from the partition functions.
These calculations and the final calculations of
chemical reactions are quite laborious, but can
be performed, even for complex mixtures, on
modern digital computing machines (e.g., ref.
2).

One illustration of results of such computa-
tions (as yet unpublished) is shown in figure
56-1. Here the mole fractions of the less com-
mon species present in hot mixtures of CO, and
N. are shown as functions of the proportions of
CO, and N. before heating. The reason for
selecting this pair of gases was that the atmos-
pheres of Venus and Mars may be composed
principally of these two gases. Of particular
interest is the production of considerable cyano-
gen and free carbon, which might result in a
significant increment of radiative heating of
bodies entering such atmospheres.
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Vp=6.1 KM/SEC
Py /Pg = 0.01

MOLE FRACTION

F16URE 56-1.—Minor-constituent mole fractions behind
a normal shock wave in mixtures of nitrogen and
carbon dioxide.

TRANSPORT PROPERTIES

The results of the caleulations of thermody-
namic and chemical properties are straightfor-
ward and quite precise, and probably will not
require important revision. On the other hand,
the transport properties, thermal conductivity,
viscosity, Prandtl number, and Lewis number,
are not as secure because the details of collisions
of the gas particles are not well known.

Efforts have been made, nonetheless, to esti-
mate for engineering purposes the transport
properties of air (e.g., Hansen, ref. 3). Some
experimental shock tube measurements of ther-
mal conductivity of air have been obtained by
Peng and Ahtye (ref.4). Maecker (ref. 5) has
reported conductivity measurements in arc-
heated nitrogen.

Peng and Ahtye used the hot stagnant col-
umn of gas at the end of a shock tube as shown
in figure 56-2. The flow in the shock tube is
produced by rupturing a diaphragm, not shown,
which separates the driver gas, usually helium,
from the driven gas, air. A strong shock wave
traverses the length of the air chamber and ac-
celerates the air to high speed. Since the shock
tube is closed, the air is stopped by the tube end,
and a shock wave passes back through the air
producing a hot stagnant region, The equilib-
rium temperature and density of this air may
be accurately caleulated from the shock velocity
and pressure records. After reflection of the
shock wave from the end plate, which contains
a thin-film resistance thermometer, there is a
transient heat flux from the hot air into the
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plug. Although the heat-flow rate diminishes
rapidly with time, the temperature of the gage
surface remains constant at that intermediate
temperature to which it jumped, as shown in the
inset sketch, until turbulence from the driver
gas introduces forced convection. At this time
the heat-transfer rate increases and the gage
temperature rises. The amount of the temper-
ature jump at the gage surface is a direct meas-
ure of the air conductivity integrated over the
temperature range between that at the gage
surface and the highest air temperature. This
feature of the experiment makes the results in-
sensitive to small changes in conductivity at
high temperatures because the high resistance
to heat flow in the cool air next to the gage tends
to dominate the process. Therefore only the
integrated theoretical conductivity may be com-
pared to the experimental results.

REFLECTED
SHOCK
EERRRNES
PYREX ,’!!ﬁiTé,
— i Z| 1] :
Wi oo v
i
RESISTANCE
THERMOMETER TIME

IN PYREX
TEMPERATURE DISTRIBUTION

IN GAS

FIGURE 56-2.—Schematic diagram of measurement of
integrated thermal conduectivity of air in a shock
tube.

The integrated thermal conductivity deter-
mined experimentally by Peng and Ahtye (ref.
1) is presented in figure 56-3, in the nomencla-
ture of that paper, for comparison with the
predictions of Hansen. The agreement ob-
served is quite satisfactory. Any other meas-
urement of heat transfer from gases or liquids
to walls also may be used to evaluate the effec-
tive conductivity, provided the correct model
for heat transfer is used in analyzing the data.
Thus the multitude of published shock-tube
measurements of heat transfer to models ex-
posed to moving gas, as opposed to the stag-
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nant gas samples used by Peng and Ahtye, also
may be used to evaluate effective conductivity.
The attractive feature of the stagnant-air tests
is the simplicity and exactness of the heat-trans-
fer model.

FIGURE 56-3.—Comparison of experimental and theo-
retical integrated thermal conductivity of shock-
heated air.

A radically different experimental approach
to this problem which yielded local values of
conductivity at high temperature was made by
Maecker (ref. 5). He measured the tempera-
ture distributions in and near an arc in nitrogen
and related the derived gradient at a particular
radius to the energy flux from the volume
within that radius. The experimental arrange-
ment is shown in figure 56—4. A steady direct-

ARC -HEATED N,

COPPER DISCS

WINDOW SPECTROSCOPE

1] INSULATION
-————1N, SUPPLY
—TUNGSTEN CATHODE

FI1GURE 56—4.—Schematic diagram of measurement of
local conductivity of nitrogen in an arc.
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current arc is struck between cathode and anode
along a slender channel through a series of
cooled copper discs. When steady conditions
were obtained, the energy flux per unit of arc
length was determined by measuring the arc
current and the voltage drop between adjacent
insulated copper discs. Since the gas bulk ve-
locity in the apparatus was low, the mechanism
of heat flux to the walls was assumed to be
laminar conduction (including diffusion of
reactive gases) and not forced convection.
Radiative effects were also small.

Temperature distributions deduced from
emission spectra are presented in figure 56-5.

FIGURE D6-5.—Spectrographically measured tempera-
ture distribution in and near a direct-current arc in
nitrogen.

The low temperature derivatives near the center
attest to the exceedingly high thermal conduc-
tivity; similarly, the flat portion at 6000° K
shows a peak in conductivity. The quantitative
results of these tests in N, are shown in figure
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FIGURE HG-6.—Variation of thermal conductivity of
nitrogen and air with temperature.
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56-6 for comparison with Hansen’s prediction
for air. The peaks of conductivity correspond
to temperature ranges where the rate of forma-
tion of the new products noted in the figure
with increasing temperature is a maximum. If
Hansen’s calculations are repeated for pure
nitrogen, the peak at 3000° K disappears.

The reason for interest in the thermal con-
ductivity of air and other gases arises natu-
rally from the problem of estimating the
aerodynamic heat loads on hypervelocity bodies.
Some of the consequences of differing conduc-
tivity at high temperatures are discussed by
Goodwin (ref. 8).

RADIATIVE PROPERTIES

Another consequence of the excitation of in-
ternal degrees of freedom is that if the excited
particles return to lower energy states, spon-
taneously, rather than by virtue of collisions
with other particles, they emit radiant energy.
At high speeds, this radiation becomes an im-
portant part of the heat transferred to body
surfaces. In addition to the radiation from hot
air within the shock layer, we observe copious
radiation from material ablated from heat
shields as well. Most of the work done to date
by NASA, however, concerns the radiation
from air.

The theory of emission of radiant energy
from thermally excited atoms and molecules
has long been under intensive study and is the
subject of many papers. Several such papers
(refs. 7, 8, and 9), which are in only reasonable
agreement, give values of emissivity of air in
chemical and thermodynamic equilibrium at
high temperatures for a wide range of densities.
These papers are based, in turn, on earlier
studies of the chemical constituents of air under
the required conditions and on investigations
of the particular processes controlling the
amount and spectrum of the radiation due to
each constituent. The details of these estimates
are beyond the scope of the present paper, but
predictions from reference 8 of the total radia-
tion per unit volume are shown in figure 56-7
for a broad range of density and velocity. Re-
sults derived from references 7 and 9 agree,
for the most part within a factor of 2, with
those shown in figure 56-7.
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FiqUre 56-7.—Stagnation point equilibrium radiation,

Most of the experimental and theoretical air-
radiation work done by industrial and univer-
sity researchers (e.g., refs. 7-10) has been based
on shock tube work while most of that done by
NASA at Ames has been done in ballistic-range
facilities, reference 11.

The facilities used for the ballistic investiga-
tions include small-caliber light-gas guns hav-
ing muzzle velocities up to 10 kilometers per
second. The models are fired into still air
or into countercurrent air streams generated
by shock-tube-driven wind tunnels having
stream velocities up to 5 km/sec. .\ combined
velocity of 13.4 km/sec has been obtained in one
facility.

Observations of the radiation from the shock
layers of the models are made with photomulti-
plier tubes; for measurements of the total
emitted radiation, broad-band phototubes were
used. In most tests several calibrated photo-
tubes were fitted with various narrow-band-
width optical filters for determining the spec-
tral distribution of the radiation. Figure 56-8
shows schematically the manner in which the
models were viewed by the photomultiplier
tubes. The inset in this figure is a self-illumi-
nated photograph of the model taken with a
Kerr-cell camera with an exposure time of 50
nanoseconds (0.05 microsecond). The velocity
of the model relative to the camera for this
particular example was 7.9 km/sec. Also
shown in the figure is a typical oscilloscope
trace of the output of a phototube. The trace
records radiation from the hot-gas cap of the
model and then of the wake.
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INTENSITY

F1GURe 56-8.

Schematic diagram of measurement of
radiation from shock layer and wake of hypervelocity
projectiles.

Some of the experimental results from the
ballistic-range tests are shown in figure 56-9(a),
(b), and (c) where the experimentally deduced

=05 CM
~EQUILIBRIUM

MODEL MATERIAL

o POLYETHYLENE
o POLYCARBONAT

(a) Polyethylene and polycarbonate.
F1aUrE 56-9.—Total stagnation-point radiative heating
on plastic models.

radiative flux on the stagnation regions of the
test bodies is compared with predictions based
on shock-tube work shown as solid lines. Clear-
ly, the observed radiation exceeds the theoretical
levels at ambient densities less than 10-? atmos-
pheres for this model scale at the two lower
velocities. The excess radiation is believed to
result from nonequilibrium effects which arise
because of the finite reaction rates in the dis-
turbed flow field. If the air density becomes
low enough, the chemical reaction rates are
slowed to such an extent that a reaction zone
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o =9.
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MODEL MATERIAL
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o POLYCARBONATES

(b) Polyethylene and polycarbonate.

of important thickness lies between the shock-
wave front and the region where the gas is in
equilibrium. In one-dimensional flow behind
a strong shock wave, it may be argued, follow-
ing reference 12, that the temperature varies in

Vi=12.5 KM/SEC
r=0.5 CM

_EQUILIBRIUM

(c) Polyethylene only.

a manner such as that sketched in figure
56-10(a). In an exceedingly short distance be-
hind the wave front, the translational temper-
ature reaches a higher than equilibrium value,
close to that which would be achieved by a per-
fect gas. Subsequently, the air relaxes toward
thermodynamic and chemical equilibrium, and
the temperature reduces to the equilibrium
value. In this transient period, collisions pro-
duce excited particles that decay to lower states
and emit radiation, apparently at rates related
to the higher than equilibrium temperatures ex-
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isting in this nonequilibrium gas layer. The
radiative intensity therefore reaches a value
greater than the equilibrium intensity and then
reduces to the lower equilibrium value as the gas
flows back from the shock front and relaxes to
the equilibrium state. In contrast to the high
density case depicted in figure 56-10(a), the
situation for a lower gas density is depicted in

NEAR EQUILIBRIUM =

(a) Near equilibrium (large po 7).

F16URE 56-10.—Schematic diagram of temperature and
radiation as functions of distance behind a strong
shock wave.

figure 56-10(b). The relaxation process re-
quires a longer flow distance to achieve comple-
tion because the collision rate is reduced if the
density is reduced. It can then be seen that
greater and greater fractions of the shock layer
in front of a body are out of equilibrium and
radiate at greater-than-equilibrium radiation
levels as the density of the gasin the shock layer
is reduced.

(b) Nonequilibrium (small po 7).
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According to the theory of reaction kinetics,
the reaction rates for binary collision processes
(which are thought to be controlling in the
present case) vary directly with the gas den-
sity. On the other hand, the time available for
the reactions to occur varies directly with the
linear dimension of the flow field. Therefore,
if one holds the product of these two quantities
constant, that is p, # = constant where p , 1s
free-stream density and » is a characteristic
length of the body, such as the nose radius), the
degree of completion of the chemical processes
should remain similar between tests made at
widely differing scales.

The abrupt reduction at still lower densities
noted at 6.1 km/sec is believed to result from
one, or a combination of, three effects: first, the
reaction rates become so slow that the non-
equilibrium radiation does not achieve its full
strength before the gas expands around the
body ; second, the rate of depletion of the excited
states by spontaneous decay to lower levels be-
comes Important relative to the collision rate
which produces the excited particles (i.e., it is
self-extinguishing), and third, the viscous
boundary layer becomes so thick that convection
to the body reduces the shock-layer temperature
and hence the radiation.

One further problem in assessing the im-
portance of radiative heating is to predict and
measure the spatial distribution over bodies of
interest. The prediction of radiation distribu-
tion has been attacked by calculating the den-
sity and and temperature variations within the
disturbed flow fields with well-known mathe-
matical techniques, such as those discussed in
reference 13. The results of such calculations
plus the existing data on the radiation from air
in thermochemical equilibrium, references 7, 8,
and 9, provide the groundwork for the desired
estimates. Experimental verification of these
estimates is presently being sought in ballistic-
range tests. The experimental apparatus is
ilustrated in figure 56-11. An orifice plate is
imaged, by means of a lens and mirror, into the
path of a model which is fired along the range
center line. As the projectile flies by, its image
traverses the plate and is scanned by one orifice
in each column. Behind each column of orifices
is placed a thin strip of lucite which acts as a
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wave guide for the received light. The strip
conducts the light to a photomultiplier for

‘ /' ORIFICE

Vi
PLATE

PLASTIC
RIBBONS

-\ PHOTOCELL

il

Fi1cUrE 56-11.—Schematic diagram of image dissector
for measuring radiation distribution in flow fields of
hypervelocity projectiles.

Ficure 56-12.—Distribution of radiation from the
shock layer of a blunt polyethylene projectile.

measurement and recording by an oscilloscope.
The instrument sketched yields three or four
traces on each test. (The vertical spacing of
orifices is such that the image can pass between
two holes in one column and hence yield no
data.) This instrument was devised only re-
cently and has yielded few data. One output
trace showing a nearly diametric scan across a
spherical model face is shown in figure 56-12,

CONCLUDING REMARKS

All phenomena resulting from high tempera-
tures and their practical ramifications could
hardly be treated, even casually, in one paper.
The implications of ionization on the thermo-
dynamics and on the attenuation and reflection
of microwave energy (the communications
blackout and radar cross-section effects) are be-

“ing studied intensively at many research facili-

ties, academic, industrial, and government.
Some of these problems are discussed by Huber
(ref. 14). The intense radiation of ultraviolet
light by gases behind the bow shock may be ab-
sorbed in the flow region ahead of the shock
and may produce, in effect, a subsonic-type
“warning” to the air that a body is approaching.
Study of this complication has begun, as men-
tioned by Allen (ref. 15), but much work re-
mains to be done.

To bring this discussion full circle, it should
be stated that the continued progress in this
type of work must be based on more complete
understanding of the fundamental properties
of the particles, such as collision cross sections,
and of the processes which control reaction
rates. Only with such theoretical and experi-
mental groundwork will improved understand-
ing and prediction of the observed phenomena
be possible.
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97. Recent Developments in Mass, Momentum, and Energy
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INTRODUCTION

The transfer of energy, mass, and momentum
by the convective process to surfaces of high-
speed vehicles has been studied intensively for
many years. A large body of information has
been accumulated on the behavior of boundary-
layer flows in the speed range where air can be
treated as an ideal diatomic gas. The high re-
entry speeds of space vesicles have introduced
complications into these transfer processes
which were not considered by the classical
boundary-layer theory. These complications
are: the interaction with the boundary-layer
flows of dissociation and recombination, of
ionization and radiation, and of foreign gases
from ablation materials. It isthe main purpose
of this paper to review the effects of these com-
plications on the convective energy transport
process and to point out some of the many prob-
lem areas which still remain to be solved.

This paper emphasizes the studies of heating
rates needed by the space programj; skin friction
has not been treated directly because the motion
of the space vehicles is largely controlled by the
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pressure drag and not by skin friction. Also,
any analysis which treats heat transfer must
first solve the momentum equation, and there-
fore, yields the surface shear forces.

HEAT TRANSFER IN DISASSOCIATED AIR

The first complications to appear as vehicle
speeds increase are dissociation and recombina-
tion. These phenomena have been treated ex-
tensively in fhe literature and, in particular, in
the early papers of Lees and of Fay and Rid-

dell (refs. 1 and 2). The stagnation region of

a bluff body is important since it generally has
the highest heating rate and is the simplest
region to analyze. It is, threfore, interesting
to compare the predicted and measured heating
rates on the stagnation region of bluff bodies for
the speed range where dissociation and recom-
bination are the dominant new phenomena.
This comparison is presented in figure 57-1. On
the figure are plotted the heating rate normal-
ized with respect to the body nose radius and
the stagnation region pressure as a function of
the difference between the total enthalpy and
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FioURe 57-1.—Stagnation region heating—equilibrium
dissociation.

the enthalpy of the wall. The solid-line curve on
the figure is the heating rate predicted by Fay
and Riddell (ref. 2). The shaded area repre-
sents shock tube data of reference 3. Notice
that, although there is scatter in the data, the
agreement between the theory and the measure-
ments is reasonably good. A large number of
measurements have been made in this enthalpy
range (see refs. 4 to 6), and the general con-
clusion is that the prediction method of Fay
and Riddell is adequate in this speed range.

Lees, in reference 1, pointed out that the
heat-transfer distribution over the body at high
Mach numbers could be expressed as a fraction
of the stagnation heating, this fraction being
mainly a function of the position along the
body. A comparison of measured heating rates
with the prediction of ILees for hemisphere-
cylinder bodies is shown in figure 57-2. On this
figure are plotted the heating rates at various
positionsalong the body divided by the value at
the stagnation point. Two sets of data are
shown here. Shock tube data from reference
6 are shown as the circular symbols, and these
are mostly confined to the forward region of
the body. Note that the agreement with Lees’
prediction is quite good. To the right of the
chart is a data point representing a series of
measurements at various enthalpy levels of the
lheating rate downstream of the shoulder of the
hemisphere cylinder. Again, the theory of Lees
predicts the data quite well.

In order to use ILees’ theory, the details of
the inviscid flow over the body must be known,
but the flow fields over bodies with relatively
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Fretrre D7-2—Heating rate distribution.

complicated shapes cannot be easily analyzed.
It is possible, however, to measure these flow
details and the resulting heating rate experi-
mentally in a conventional high Mach number
wind tunnel. The distribution of the heating
rate over the body determined by the wind-
tunnel tests using a cold gas can then be extrap-
olated to high enthalpy flows using Lees’
theory. My colleague John Reller has verified
this method experimentally in the Ames shock
tunnel to enthalpy levels of approximately 6,000
Btu/lb, which corresponds to a flight speed of
approximately 12,000 ft/sec. '
The two figures previously discussed have
illustrated the case where the disassociation and
recombination time is very short compared to
the time the fluid is in the vicinity of the body;
hence, the chemical reaction rates can be con-
sidered to be in equilibrium everywhere in the
flow field. High heating rates are encountered
at high altitudes by manned entry vehicles
because the deceleration forces must be kept to
tolerable levels. The combination of low
density, in which the chemical reaction times
are long, and high flight speeds is the condition
for which one would expect the dissociation and
recombination to be out of equilibrium. Tf the
flow time is very short compared with the
chemical reaction time, the chemical reactions
can be considered frozen. For this condition,
energy is transferred to a surface by normal
convection and by atoms which diffuse through
the boundary layer and recombine on the sur-
face. The question then arises as to the effec-
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tiveness of surfaces in promoting the recom-
bination of atoms. On figure 57-3 are shown
the stagnation region heating for the case where
the boundary layer flow is chemically frozen.
Plotted on this chart is the heating rate divided
by its equilibrium value, as a function of the
total stream enthalpy. Fay and Riddel]l have
shown that if all of the atoms which diffuse to
the wall recombined upon it, there would be
little change in the gross heating rate to the
surface whether the boundary air be frozen or
be in equilibrium. This is indicated by the
horizontal line. The solid-line curve labeled
no recombination at the wall represents the
convective portion of the heating from the
frozen boundary layer, and the difference
between the two curves represents the energy
carried by the atoms. Silicon monoxide has a
low catalytic efficiency and allows only a small
fraction of the atoms to recombine. The data
points shown on the figure were obtained on a
silicon monoxide surface in a stream of nitrogen
gas at sufficiently low pressures and high
enthalpy to insure a frozen flow (see ref. 7).

— ~SILICON MONJXIDE
- SURFACE REF 7

E=—— TOTAL ENTHALPY x 10 Biu/LB

FI6UReE 57-3.—Stagnation region—frozen boundary

layer.

The reduction in measured heating rate agrees
reasonably well with that predicted for the
case where no atoms recombined upon the wall.
Most metallic surfaces, however, have high
catalytic efficiency, and data obtained on copper
surfaces lie near the equilibrium value. The
question arises as to whether ablating materials
will exhibit a high or a low catalytic efficiency
for this interesting phenomenon to be ex-
ploited. Teflon mass losses measured in a
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high-enthalpy stream of frozen nitrogen (ref.
5) are about the same as those measured in a
stream in equilibrium. This indicates either
that teflon has a high catalytic efficiency or
that the introduction of teflon vapors into the
boundary layer speeds np the recombination
reaction. Tt is interesting to speculate whether
or not ablation materials could be found which
have a low surface catalysis and, therefore,
would receive considerably less incoming heat
than surfaces which have been tested.

An important regime to be considered is
flight at velocities and altitudes where the
boundary layers are neither completely frozen
nor in equilibrium. The correlation method
presented in reference 8 allows one to determine
whether a body is in an equilibrium, a frozen,
or a nonequilibrium flight regime when the
flight velocity, altitude, and vehicle size are
specified. The method essentially is based upon
estimating the chemical reaction time compared
to the diffusion time of the atoms across the
boundary layer. ITowever, this method has not
been checked experimentally.

IONIZATION AND RADIATION

As flight speed increases above about 30,000
ft/sec., ionizing reactions take place in the
stagnation region flow field. Whether or not
the presence of ions and electrons in the flow
has a strong influence on convective heat trans-
fer has been the subject of considerable argu-
ment. Intuitively, one might feel that the
highly mobile electrons would increase the
transport of energy by diffusion. Figure 574

FI16URE 37—.—Convective heat transfer with ionization.
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shows the result of several theoretical efforts to
predict the influence of ionization on convective
heat transfer in the stagnation region of bluff
bodies. Scala (ref.9) predicts a sharp increase
in convective heating at speeds above 30,000
ft/sec. The results of Hoshizaki® (ref. 4),
Cohen * (ref. 10), and Howe and Viegas® (ref.
11) indicate that there is no strong ionization
effect on convection. The result of Fay and
Riddell (ref. 2) for Lewis number of unity is
shown for reference, although ionization was
not considered in their analysis. Analyses by
Pallone and van Tassel (ref. 12), and by
Adams (ref. 13) also predict little effect of
ionization on convection. Thus, we have a
striking difference between the results of Scala
and those of other investigators. It appears
that the difference in the theoretical results can
be attributed to the different methods of treat-
ing the transport of energy of reacting species.
In particular, the difference appears to be in
the total thermal conductivity used by Scala
compared to that used by the other investiga-
tors. Most of the other investigators have
used the transport properties calculated by
Hansen in reference 14. A comparison of vari-
ous calculated transport properties is presented
by Fay in reference 15. Theoretical and ex-
perimental work in this area is needed to allow
the theoretical differences to be reconciled.
Since the theoretical work has not completely
settled the question of the effects of ionization
on the heating rate, it is of interest to examine
the experimental results obtained in this speed
range. The comparison is shown on figure 57-5
which uses the same coordinate system as the
theoretical comparison. The shock tube experi-
ments of Warren (ref. 16) are in substantial
agreement with the Scala theory, while those
of Offenhartz (vef. 17), Rose (ref. 3), Stanke-
vies and Rose (ref. 18), and Hoshizaki* are
in substantial agreement with the other theories
(typified by ITowe and Viegas). It is much
more difficult to determine the reasons for the
differences in experimental results than in the
theoretical results. Here corrections must be

!Compared for a stagnation pressure of one at-
mosphere; however, little effect of pressure level is
evident.

* In a private communication, Hoshizaki gives re-
sults slightly modified from those of reference 4.
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Ficure 57-5.—Convective heating—comparison with
experiment.

made for radiation from the test gas and shock
tube driver gas. There is some question con-
cerning the duration of steady-state test time
and, of course, questions pertaining to instru-
mentation. At present, the experimental dif-
ferences are unresolved, but it is emphasized
that these data are very new and the problem is
being actively worked on.

In all of the previous discussion, no mention
has been made of another phenomenon that in-
fluences heat transfer to a large extent at severe
flight conditions—a coupling which exists be-
tween convection, which is principally a bound-
ary layer effect and gaseous radiation from
the flow outside the boundary layer. An anal-
ysis by Howe and Viegas (ref. 11) of the entire
stagnation region flow field from the body sur-
face to the bow shock wave includes the effects
of transport of energy by conduction, diffusion,

-and radiation in the flow equations. Their re-

sults as they affect convective heat transfer (for
a stagnation pressure of 1 atm) are shown in
figure 57-6, The dashed line represents the
convective heat transfer when radiation is ne-
glected in the flow equations. This line is rela-
tively insensitive to changes in nose radius or
pressure level and represents a general result
when radiative coupling is neglected. The fan
of solid lines represents the convective heat
transfer when radiation losses from the shock
layer are included in the flow equations. It
is seen that the effect of radiative coupling
reduces the convective heat transfer by about
15, for a body having a 5-foot nose radius.
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% 10° FT/SEC

Ficure 57-6.—Convective-radiative interaction—stag-
nation region.

Attempts to predict the coupling effect by
simple methods have not met with success. The
boundary-layer concept apparently breaks
down when radiative coupling effects are con-
sidered, and the entire flow field must be ana-
lyzed. Indeed, flow fields are not clearly di-
vided into a viscous region and an isoenergetic
inviscid region characteristic of the lower
speeds. This breakdown of the boundary-layer
concept has also been shown to occur when
the flow is not in chemical equilibrium. (See,
e.g., ref. 19.) Generally, it seems that when
high speeds occur at high altitudes or when
radiation is the predominant form of energy
transfer, boundary-layer concepts should be ap-
plied with caution,

HEATING RATE IN REGIONS OF
SEPARATED FLOW

The preceding section of the paper has been
concerned with attaclied flows; however, the
understanding of separated flows has become
important because heat transfer to a vehicle
surface under a separated flow is frequently
less than that to a corresponding attached flow.
The Mercury and Apollo spacecraft, for exam-
ple, take advantage of this fact, and a relatively
large portion of the surface of these vehicles
is in the separated flow field. An early analysis
by Chapman (ref. 20) of the average heating
in a cavity covered by a steady separated lami-
nar boundary layer indicated that the average
heating rate to the boltom of the eavity should
be approximately 14 of its attached flow value.
The prediction of this analysis was later con-
firmed experimentally at moderate Mach num-
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bers. (See refs. 21 and 22.) Later measure-
ments of heating rates to the base of three-
dimensional bodies, shaped somewhat like the
Mercury spacecraft, have been made at high
Mach numbers. The results of a typical test
are shown in figure 57-7 wherein the heating
rate referred to the forward stagnation-point
value is shown as a function of the position
along the afterbody. The test was conducted
in helium at a Mach number of 15. The solid
line curve is the prediction of Chapman, men-
tioned earlier. Tt can be seen that this predic-
tion agrees reasonably well with the data and
indicates that the early work of Chapman can
be used at high Mach numbers. In the test,
the flow did not reattach on the afterbody.

M=15
HELIUM GAS

FicUre 57-7T.—Heating in separated region—laminar
flow.

When the model in this particular test was
positioned at an angle of attack sufficient to
cause flow reattachment, the heating rate rose.
In fact, the heating rate in the reattached re-
gion was higher than that corresponding to a
completely attached flow. This is an expected
result and has been treated analytically in ref-
erence 23 for the case where the flow reattach-
ment angle was perpendicular to the solid sur-
face. TIn essence, when the separated flow
reattaches, it produces a region of high local
pressure gradient on the surface, and the high
boundary-layer growth rate in this area pro-
duces high local heating rates. In the same
free stream these reattachment heating rates
can be higher than those on a stagnation region
of a bluff body with a nose radius ronghly equal
to the separation length.
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The distribution of heating rate along a sepa-
rated region is generally not analytically pre-
dictable at the present time because of our
inability to specify the flow details (eddy cur-
rents, vortex systems, and flow steadiness) in
the separated region. The method of reference
23 will allow heating-rate distributions to be
caleulated in the separated region if the main
features of the flow within the region can be
specified. Another problem in this general area
that has received little or no attention, at least
to the author’s knowledge, is that of the effec-
tiveness of transpiration or ablation cooling in
a region of separated flow. These are impor-
tant problems, and certainly worthy of study.

THE EFFECTS OF FOREIGN GASES ORIGINATING
FROM SOLID SURFACES ON BOUNDARY-
LAYER FLOWS

The preceding portion of this paper has
treated clean air flows over reentry bodies but,
in practice, the air is almost never uncontami-
nated. Ablation cooling systems emit a wide
variety of foreign gases, and these end up in
the boundary layer and in the wake of the body.
Generally, little is known about the type or
quantity of gas that will be given off by an
ablation cooling system because of the types of
materials which appear attractive as ablators.
These materials are generally mixtures of
plastics concocted to achieve a real or fancied
result. At the present time, the problem is
generally handled by measuring some gross sys-
tem response, either the amount of material
burned away after a timed exposure to a known
heating rate or the temperature rise of a por-
tion of a substructure protected by the particu-
lar ablation material under study. Some ra-
tional results can be obtained, however, on the
effect of foreign gases on boundary-layer flows
by measuring the change in the heating rate
or skin friction resulting from transpiring
measured amounts of gases of known properties
and composition through porous model surfaces.
The results of one such study made by C. Pap-
pas of Ames are shown in figure 57-8. On this
figure 1s plotted the heating rate divided by its
value for no transpiration as a function of the
transpiration flow rate per unit area times the
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Fravre 57-8.—LEffect of foreign gas transpiration on
heating rate.

driving enthalpy potential divided by the heat-
ing rate for zero transpiration. This particular
coordinate system 1s used because it accounts
for the major effects of Mach number and
Reynolds number on test results of this type.
For a particular flight condition, the abscissa
is proportional to the weight flow of the foreign
gas transpired through the porous surface.
Two sets of results are shown. The solid lines
are for the behavior of a laminar boundary
layer, and the dashed lines are for the behavior
of a turbulent boundary layer. The results of
the laminar-flow tests will be examined first.
Three gases were transpired: helium, a light
gas having a molecular weight of 4; air, having
8 molecular weight of 29; and freon, a heavy
gas having a molecular weight of 121. Notice
generally that the light gases are more effective
than the heavy gases in reducing the heating
rate, and a large reduction in heating rate re-
sults from rather small transpiration rates.
Typically the ratio of the mass-flow rate of the
transpired gas to the mass-flow rate of the free
stream per unit area is about 0.001.

The turbulent boundary layer results are not
so dramatic as the laminar flow results, but the
trends are similar,

At very high blowing rates from ablating
surfaces the heating rates do not go to zero as
indicated by a simple extrapolation of the re-
sults shown on figure 57-8. For laminar flow,
high Dblowing rates cause transition and, for
turbulent flow, high blowing rates appear to
destroy boundary-layer character of the flow.
It is, therefore, difficult to make any general
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statements about the asymptotic values of the
heating rate for very large blowing rates. Some
work has been done along this line, however, and
is reported in reference 24. These test results
were obtained indirectly from the ablation of
teflon and they show an asymptotic heating rate
for laminar flow of approximately 0.18 of its
no-blowing value. Work is needed to extend
transpiration test results to other gases and to
higher enthalpy flows.

TURBULENT BOUNDARY LAYER AT
HIGH ENTHALPIES

Theoretical predictions of the behavior of a
turbulent boundary layer have depended largely
upon experiment to evaluate critical assump-
tions, fundamentally, because the turbulent
boundary layer is a more complicated phenome-
non than the laminar boundary layer, and no
complete solutions to the turbulent boundary-
layer equations have been obtained. Progress
that has been made generally resulted from
transformations such as those given in reference
25 which allow one to transform turbulent com-
pressible boundary-layer equations into their
equivalent incompressible form. These trans-
formations are valuable in that they allow the
well-known low velocity profiles and the match-
ing point between the laminar sublayer and the
outer turbulent layer to be extrapolated to the
compressible flow case. However, these meth-
ods give no hint of the effect of increasing
stream enthalpy level on the skin friction or the
heat transfer.

Historically, the effects of temperature or
enthalpy level on the heating rate and skin frie-
tion produced by turbulent boundary layers
have been handled by a method analogous to
that used to correlate skin friction and heating
rate from turbulent flows in pipes. Thismethod
uses a reference temperature intermediate be-
tween the wall surface and the bulk of the fluid
at which to evaluate the fluid properties to
account for temperature level effects. For the
case of undissociated air at relatively high Mach
numbers, the reference temperature method has
been used successfully in aerodynamics to cor-
relate experimental results of skin friction and
heating rate. The methods are described and
compared with experiments in references 26 and
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27. At still higher flight speeds where dissocia-
tion becomes important, Eckert, reference 28,
has suggested evaluating the fluid properties at
a reference enthalpy, which lies intermediate
between the enthalpy at the wall and the en-
thalpy of the gas at the boundary-layer edge.
The details of this method are given in refer-
ence 29, but it is, In essence, similar to the older
reference temperature method. These methods,
as crude as they are, do a reasonably good job
of correlating experimental data. They are,
however, disappointing in the sense that they
do not shed any real understanding on the basic
changes in the turbulent transport mechanism
with increasing enthalpy. A typical set of ex-
perimental data is compared with the reference
enthalpy method on figure 57-9. On this figure
are plotted the heating rate divided by the
(R)#/5, which is the parameter used for low-
speed turbulent boundary layer flows to account
for the Reynolds number variation of the data.
This parameter is plotted as a function of the
total stream enthalpy. The circular points are
experimentally measured values of this pa-
rameter obtained in a shock tube and reported
in reference 30. The reference enthalpy meth-
od of Eckert is shown as the solid-line curve.
Notice that the data generally fall below
the prediction as is characteristic of this
method when applied at lower enthalpies; that
is, the method generally is conservative and
overestimates the heating rate somewhat.
However, it has been found extremely useful
for engineering applications.
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Fict'RE 357-9.—Heatlng in turbulent flow at high
enthalpy.
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Further progress in the field of predicting
heat-transfer rate or skin friction produced by
a turbulent boundary layer awaits the develop-
ment of experimental apparatus capable of pro-
ducing high enthalpies at sufficiently high
pressures to produce a fully developed turbulent
flow.

Another problem area essentially unsolved
even for low speed is the prediction of the point
of transition between a laminar and a turblent
flow. Probably no other area of research in
aerodynamics has received so much attention
from so many people. In spite of the large
amount of work expended on this subject, only
a few general rules have emerged. These rules
were stated by Osborne Reynolds and have
remained essentially unchanged up to the
present time. The rules are that if the Rey-
nolds number is less than about 1 million, the
flow will probably be laminar; if the Reynolds
number is greater than approximately 10 mil-
lion, then the flow will generally be turbulent.
If the Reynolds number of the flow lies between
these two rather generous boundaries, then the
flow will be laminar, transitional, or turbulent,
depending upon the particulars, the discussion
of which is outside the scope of this paper.
Generally, the body surface roughness, the pres-
sure gradient, the wall temperature, and the
history of the flow as it proceeds over the body
influence the transition. The situation is fur-
ther complicated when the enthalpy of the flow
is increased. At the present time, transition in-
formation must be collected from flight tests
which are expensive and which do not lead to
generalizations. The ballistic range has proven
a very useful tool to study transition at lower
speeds, and the development of techniques
to detect transition in the newer ballistic
range shock tunnels would allow this problem
to be studied at the higher speeds of present
interest.

Yet another complication is introduced when
foreign gases are ablated into the boundary
layer. Results obtained from porous cones
tested in wind tunnels over a relatively wide
Mach number range with various foreign gases
transpired through the surface give some hint
as fo the influence of this phenomenon on tran-
sition. These tests have indicated that the in-
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troduction of a foreign gas into the boundary
layer reduces the Reynolds number of transi-
tion; however, the Reynolds number of transi-
tion does appear to reach an asymptotic value
beyond which further surface blowing has little
effect. In the particular set of tests reported
in reference 31, this asymptotic value of the
transition Reynolds number was about 1.75 mil-
lion, as compared to a transition Reynolds num-
ber of 3.3 million on the same body without
transpiration.

HEATING RATES IN PLANETARY ATMOSPHERES

Currently planned entry into the atmosphere
of the nearby planets emphasizes the need for
research in gases other than air. The atmos-
pheres of the two planets nearest the earth,
Mars and Venus, consist of mixtures of nitrogen
and carbon dioxide, but the particular compo-
sition of these atmospheres is not known with
great precision at present; however, it is inter-
esting and informative to compare the heat-
transfer results in pure carbon dioxide and see
whether they are greatly different from those
experienced in air.

It is known (see refs. 32 and 33) that carbon
dioxide dissociates at relatively low tempera-
tures and that the recombination of carbon mon-
oxide back to its carbon dioxide state is a very
slow process. The temperatures at which car-
bon monoxide and nitrogen dissociate are not
greatly different. It is reasonable to conclude,
therefore, that the fluid contained in the boun-
dary layers of vehicles flying in atmospheres
rich in carbon dioxide and nitrogen will have as
their main constituents nitrogen, carbon mon-
oxide, and atomic oxygen at the lower speeds
and the atomic products of the dissociation of
these gases at higher speeds. The collision dia-
meters and molecular weights of the CO,—N,
mixtures are similar to air at elevated tempera-
tures; therefore, it is reasonable to expect that
the transport properties will be similar. Hoshi-
zaki (ref. 4) has made this comparison and
finds that the viscosity and total thermal con-
ductivity are not too different. Using these
transport properties, he solved the laminar
boundary layer equations for the stagnation re-
gion of a blunt body in carbon dioxide and
found that the heating rates should not differ



from those predicted for air by more than about
10 percent. It is interesting now to compare
the measured and predicted heating rates in
carbon dioxide with those in air to see whether
these predictions are borne out. These com-
parison is shown on figure 57-10 where the
heating rate is plotted as a function of the dif-
ference between the total enthalpy and the wall
enthalpy. Two theoretical lines are shown.
The upper line is the theory of Scala (ref. 34),
and the lower line is the theory of Hoshizaki
(ref. 4). Shown on the figure also are the
various measurements that have been made.
The lower set of points was obtained in a free-
flight range and is described in detail in ref-
erence 35. The middle set of points was ob-
tained by Rutowski and Chan, reference 36.
The data represented by the circular points were
obtained in the General Electric Hypervelocity
Shock Tube. It can be seen that up to about
25,000 ft/sec the experimental data agree quite
well with either prediction; at the higher speeds
the data lie intermediate between the two the-
ories. Also shown on the chart as a shaded area
is the air data taken from figure 57—4, and it
can be seen that it agrees with the carbon di-
oxide data reasonably well. It appears then,
that to a first approximation the heating rates
in carbon dioxide are about the same as the
heating rates for air.
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FI1GURE 57-10.—Comparison of heating rate in air and
carbon dioxide.

There is no information, to the authors’
knowledge, of heating-rate distribution over a
body in carbon dioxide or in carbon dioxide
and nitrogen mixtures. However, based on the
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similarity of the transport properties and the
considerations outlined by Lees in reference 37,
one would not expect marked deviation from
the results obtained with air. This conjecture,
however, should most certainly be checked
experimentally.

RESUME

The primary points of this survey are:

(1) Methods are generally available which
account reasonably well for the behavior of
the laminar attached boundary layer up to
speeds corresponding to the onset of ioniza-
tion.

(2) Although the effect of ionization on
convective heat transfer has yet to be deter-
mined conclusively, most of the theoretical
and experimental results indicate that the ef-
fect is small.

(3) The structure of the flow field loses the
appearance of a boundary layer joined to an
isoenergetic inviscid region.

(a) at high altitude because of chemical
effects and
(b) at high speed because of radiative
transport.
The conclusion is that at these conditions the
entire flow field should be analyzed without
dividing it into a boundary layer and an iso-
energetic inviscid shock layer.

(4) Heating rates to the stagnation region
of bluff bodies in carbon dioxide are essentially
the same as those in air.

(5) The largest area of uncertainty in
flow-field analysis is concerned with the ef-
fects of contamination on energy transport
phenomena. In particular, the influence of
the high enthalpy on the thermochemistry
and of ionization on the flow field containing
foreign gases needs intensive investigation.

(6) Experimental and theoretical work
needs to be done on transition and on the tur-
bulent boundary layer in high enthalpy flows.

SYMBOLS
h static enthalpy, Btu/1b
M Machnumber
P pressure, atm
q heating rate, Btu/ftsec

nose radius, ft
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